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Abstract Il

Abstract

Nanoscale light-control requires the precise positioning of nanooptical elements such as single quantum
emitters and different kinds of nanoparticles. In this context, DNA origami nanostructures have proven
a versatile scaffold to control positions and stoichiometry in an efficient self-assembly process. Besides
spatial control, the close environment of organic fluorescent dyes often used as quantum emitters plays
an important role. Changes in the environment can impact the properties of exposed fluorophores and
DNA origami structures. In this thesis, DNA origami nanostructures are used to assemble a gap
nanoantenna with directed emission properties using gold nanoparticles. Different single-molecule
assays are developed to detail environmental effects relevant for the assembly of nanoantennas and

other complex assemblies based on DNA origami structures.

For optical antennas, single quantum emitters have to be placed at the best coupling position between
the emitter and the nanophotonic structure, which is the plasmonic hotspot. Besides a precise
placement, the orientation of the fluorophore’s transition dipole moment is a critical parameter for optimal
coupling. Studying the importance of transition dipole moment orientations in an optical antenna is the
subject of the first part of this thesis. A freely rotating dye is compared to a dye coupled to an optical
antenna. The data shows that it is not only the emission transition dipole moment that has a defined
orientation but also the absorption transition dipole moment. In addition, an alignment of both transition
dipole moments is disclosed, revealing that the antenna’s main resonance mode dominates the
absorption as well as the emission. Conclusively, this study suggests that controlling the transition dipole
orientations of fluorophores can create highly efficient antennas with the ability to control light at the
nanoscale, such as complex routers or directors. As the alignment of fluorophores is not straight forward
the second part of this thesis deals with the development of an assay to report on the relative orientation
of a single fluorophore in a DNA origami structure. By a unique combination of super-resolution
microscopy and polarization-resolved excitation microscopy, the orientations of structurally different
dyes in different DNA origami nano-environments are determined. Supplementary molecular dynamic
simulations help to rationalize the measured orientations and to assign possible conformational states.
Itis shown that the immediate surrounding such as missing nucleotides but also the molecular structures
of the fluorophores play an important role for preferred dye-DNA interactions. All studies presented in
this thesis are carried out in aqueous buffers with additive salts to stabilize the DNA origami structures.
However, the concentration and identity of added salts can be crucial for DNA origami stability and
functionality. In this context, super-resolution imaging reveals the fortuitous finding that changes in the
concentrations of bivalent salts yield structural changes in a DNA origami rectangle. An energy transfer
assay employing a gold nanoparticle as acceptor even reveals dynamical changes and indicates rolling-
up of the structure along the diagonal axis that cannot easily be detected by common microscopy
techniques. Furthermore, it is proven that dynamic structures do not need to be built with complex motifs

like hinges, joints or catenanes or even hybridization locks to be functional.

To gain as many insights on the single-entity level, one main focus of this work is placed on the
development of single-molecule assays. Developed single-molecule fluorescent microscopy techniques

include a combination of polarization-resolved wide-field imaging and defocused imaging to report on
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the orientations of the absorption and emission transition dipole moments. With combined DNA-PAINT
and polarization-resolved wide-filed measurements the orientations of DNA origami rectangles and
related fluorophore orientations in the DNA origami structures can be revealed. Finally, by a combination
of DNA-PAINT and scanning confocal fluorescence lifetime microscopy, high structural and temporal
resolution in a dynamically switching DNA origami structure is gained. The developed assays have the

potential to be useful for answering other scientific questions, in particular on the single-entity level.



Table of Contents 1

Table of Contents

VeroffentliChUNQGEN ... ... ettt e et e e sbaee e e aaes I
ADSEFACT ... e e e e e e e e e e e narrnee e I
Lo INrOAUCHION . ... et e e e e e e nr e e e e nreeee e 3
1.1 Optical Antennas to Control Light at the Nanoscale..............cccoooiiiiiiiii 3
1.2 Dye Orientations in Energy Transfer ASSEMDIIES..........cocvuiiiiiiiiieiiiiee e 5
1.3 DNA Origami Structures at the Influence of High Salt Concentration................ccccovieeeneeeni, 7
1.4 Implementation of Combined Single-Molecule Methods.............cccccoiiiinieniiiic e 9

2. Theoretical BaCKgroUNnd ................coouiiiiiiiiiii et 10
2.1 Photophysics Of OrganiC DYES ........ccuuiiiiiiiiie i ese e e e e e e e e e nnree e e e nnes 10
2.1.1 Radiation Characteristics of Dipole Emitters ..., 12

2.1.2 Photostabilization of Organic DYES..........cocuiiiiiiiiiiiiei e 13

2.2 Metal NanopartiCIES ... 14
A I e =1 g To T a1 ol N\ =T o] o T= T Ao 1= P 14

2.2.2 Coupling of Two Plasmonic NanopartiCles.............ccouuiiiiiiiiiiiiee e 16

2.2.3 Coupling of Plasmonic Nanoparticles with Organic Dyes ..........ccccccoeiereiiiiieiniiiee e, 17

2.3 DNA Origami NaNOSIIUCIUIES ........ccoiiiiiiiiiieiie et e e e e e e aee e e 19

3. Microscopy TEChNIQUES.............ooiiiiiiii e e e e 22
3.1 (O70] g {oTer=] 1Y/ [TeT o =TT ] o) PP PRSP 22
3.1.1 Time-Resolved Confocal MIiCrOSCOPY ......cccuvuiieiiiiieeiiiiie et seeeee s e e aee e ennaeeas 23

3.2 Wide-Field MICIOSCOPY ....eeeeeiuiiiiieiiiiie ettt e e et e e s enneeeas 24
3.2.1 Polarization-Resolved Wide-Field MiCrOSCOPY ........cuuiiiiiiiiiiiiiiiee e 25

T2 B 1= (o oW E-T=Yo B [ 4 F=To [T Vo PR 26

3.2.3 Super-Resolution TECHNIQUES ..........cooiiiiiiiiiie et e s 27
3.2.3.1 DINAPAINT ettt ettt et et e st e st e este e teesteesteesaeesneesntesnteenseenseeanansneeas 28

4. Overview of PUbliShed WOrK ...............ooiiiiii e 30

4.1 Publication 1: Directing Single-Molecule Emission with DNA Origami-Assembled Optical

F N 01 (=1 ] =N 30
4.1.1 Associated PUDLICAtION P .........eiiiiiieee et e e e e e e e eeneees 32

4.2 Publication 2: Determining the In-Plane Orientation and Binding Mode of Single Fluorescent
Dyes in DNA Origami STIUCIUIES ........cooiiiiiiiiie e 33



Table of Contents 2

4.2.1 Associated PUbliCation P2 ... e 35

4.3 Publication 3: Salt-Induced Conformational Switching of a Flat Rectangular DNA Origami

YU o2 (0= T USSR 36
4.3.1 Associated PUblication P3 ... i 38

5. Conclusion and OULIOOK ...............oouiiiiiiiiii e e e 39
6. List of ADDBreviations ..............cooiiiiiiii s 45
T. LISt Of LItErature ... e 47
T I 1= o i o o 11T (== RSP 59
9. Full List of Publications of the Dissertation ....................cccocniiiii e, 63
10. ACKNOWIEAGEMENTS ........oooiiiiii e e 64
T ¥ o o =1 o ' [OOSR 66
AT Associated PUDIICAtION P.........ooiiiie e 66
A2 Associated PUDIICAtioN P2...........cooo i 85

A3 Associated PUDICAtioN P3..... ... e e e e e e e e e e e e et s eeenaeeeeeaas 112



Introduction 3

1. Introduction

Fluorescence microscopy has emerged to be a basic tool in science and is based on the findings by
Stokes, who observed a red shift of the emission compared to the absorption spectrum!’l, which opened
up the field of single-molecule fluorescence microscopy (SMFM).2# Here, isolated emitters are studied
in contrast to conventional studies on the average of many. Thus, photophysical properties of individual
entities can be investigated, and heterogeneities in samples can be addressed without being buried

under broad distributions.

1.1 Optical Antennas to Control Light at the Nanoscale

One big field that has emerged to be studied with SMFM is the field of plamonics. In plasmonic
assemblies, metal nanoparticles (NPs) are placed in predefined geometries. The NPs are much smaller
than the wavelength of the illuminating light, which causes a collective oscillation of free electrons in the
metal. This phenomenon is called localized surface plasmon resonances (LSPRs). These oscillations
create an enhanced electric field in the NP’s near field. Thus, an NP can act as a receiver for
electromagnetic waves creating an enhanced near field close to the NP’s surface (Figure 1a), or, if an
emitter is placed in the near field of the NP, it can act as a transmitter transferring emitted light from the
near field to the far field leading to a directionality of the signal (Figure 1b).®! So its basic behavior is

pretty similar to its counterparts in the radio and micro wave regime.

a receiver: absorption process b transmitter: emission process

* - @ A*L

Figure 1: Antennas in the radio/micro wave regime and in the nanoscale. Antennas can act as receivers
(a) or as transmitters (b) corresponding to absorption and emission processes in the nanoscale,

respectively.

For the coupling of a fluorophore and an OA, the spectral overlap of both plays an important role. NPs
behave differently depending on their size. This is not only visible in their color but also in their
photophysical behavior. While big NPs lead to an enhancement of the fluorophores emission, smaller
NPs cause a quenching effect.[®”] Often, plasmonic NPs are arranged in dimer structures that are able
to interact with light in the visible wavelength regime and that can be referred to as optical antennas
(OAs).B1 OAs interacting with incoming light create an enhanced electric field between the two particles,
which is called the hot spot region.[>° Methods to create OAs are for example e-beam lithography or ion
beam milling. Shortcomings of these top-down processes are the limited throughput and the time-
consuming procedure going along with a serial production of the structures. Other disadvantages are

the limitation of materials that can be used for fabrication as well as the difficult precise and
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stoichiometric positioning of single fluorescent molecules in the hot spot region of OAsPl. Hence, many
lithographically created OAs are measured in dye solutions with fluorescent molecules diffusing through
the hot spot region to study the dye OA interactions. One prominent example is the bowtie antenna built
from two triangular gold platelets (Figure 2a).['% Disadvantages of this and comparable assemblies are
the high background signal of free diffusing dyes in solution and the lack of positional control of the dyes
with respect to the OA structure. The correct placement of a single fluorophore plays an important role
in coupled dye-OA systems because of the influence on the fluorophore’s photophysical properties, such
as the excitation and emission rate. As a consequence, the fluorescence enhancement and quantum

yield are also highly dependent on the fluorophore’s relative orientation to the OA.I'"

Figure 2: Dimer antenna structures. (a) Lithographically produced bowtie antenna surrounded by
fluorophores in aqueous solution (adapted from ['%). (b) DNA hybridized gold nanoparticle dimer antenna
with an attached fluorophore (adapted from ['2). (c) and (d) DNA origami structures as bread boards to
build different kinds of dimer antennas with controlled gap size and a fluorophore in the hot spot region
(adapted from '3 and ['4). All antenna structures can be immobilized on a glass surface for single-

molecule studies.

To overcome the fabrication issues of lithography, other techniques are used to assemble dimer
antennas. The polymeric DNA molecule has shown to be a good choice as DNA is not interacting with
the visible wavelength region of light and provides the possibility to control the distance between two
NPs. In the simplest assemblies, a double stranded DNA helix is used to bridge two NPs (Figure 2b).["%
In this way it is possible to control the distance between the NPs. In more complex assemblies, DNA
origami structures are used as bread boards to position two NPs to build dimer OAs (Figure 2c and
d).l"1314 DNA origami is a bottom-up technique!'®'l, which relies on the high flexibility and the
modulation capability of the DNA biomolecule. Furthermore, the specific base pairing between the four
nucleobases (adenine with thymine, guanine with cytosine) and its robustness owing to stabilizing cross-
overs between the single helices are basic benefits of this method. DNA origami structures can adopt
nearly every shape in 2D but also in 3D in the nanometer range.l' They have the advantage of
controlling geometric and stoichiometric placement of NPs and emitters, based on a self-assembly
process, which is easy to handle and shows a high reproducibility. Studies based on DNA origami
structures as bread boards range from fundamental research to study the effect of the OA on the

photophysics of a fluorescent dyel'®-?4 to diagnostic assays to detect target molecules by signal



Introduction 5

amplification.”>-281 Besides fluorescence studies, numerous Ramani?®*-32, SERSP' and dark field

measurements33 have also been performed.

Due to the advantage of attaching a fluorescent molecule by a linker to the DNA, single fluorophores

can be easily placed in the hot spot region of OAs. This is advantageous because the molecule’s

excitation rate is proportional to (E - )2, with E being the electric field vector created in the hot spot
region by the incidence field and the induced field from the OA, and ii; being the molecules absorption
transition dipole moment.* Fluorophores linked to DNA have the ability to rotate freely around their
linkers if surrounded by an aqueous solution. Yet also fixed orientations can be taken that are either
undefined through interactions with the immediate surrounding or defined for a doubly linked!®®!
fluorophore. The orientation of the dye is therefore important as the radiative decay rates of fluorophores
depend on the relative orientation between the emission dipole transition moment 17 and the OA. This
can lead to a complete suppression of the fluorescence, if oriented perpendicular to the OA’s axis, but
also to a strong enhancement in a parallel orientation.['':1336-381 The effect of fluorescence intensity
modulation in emission can be explained by the creation of image charges in the NPs from the transition
dipole moment of the fluorophore. If the transition dipole moment of the fluorophore is aligned to the
OA'’s dimer axis (radial), a coupling between the fluorophore and the OA will occur, enhancing the
fluorescence intensity. But if the transition dipole moment is perpendicular (tangential) to the dimer axis,
the dipoles of the fluorophore and NPs will cancel out each other leading to a fluorescence quenching.
The effect on the emission of a coupled fluorophore can also be studied theoretically.®39 In addition,

the effect of strong enhancement is highest if the polarization of excitation matches the OA'’s axis.?%

The task at hand is to establish an assay that can map the polarizability in emission and absorption
processes (chapter 4.1 and associated publication P1). Fluorescent dyes are checked for their ability to
behave like an isotropic emitter in an aqueous medium. After the isotropic behavior is determined, it
should be checked how the emission and absorption properties will change if coupled to an OA. To this
end, OAs with a fluorophore placed in the hot spot region are self-assembled on a DNA origami
structure. To measure the emission and absorption polarizability of these coupled systems, an assay is
developed. On the one hand, defocused imaging pictures the emission pattern of the imaged system.
The pattern sheds light on an isotropic or anisotropic emission behavior and at the same time reveals
the orientation of the dipole emitter to a surface. On the other hand, with the help of polarization-resolved
wide-field measurements it is possible to not only show an anisotropic behavior in the absorption but
also indicate the orientation of the absorption dipole due to the knowledge of excitation polarization at

any time.

1.2 Dye Orientations in Energy Transfer Assemblies

The two-fold importance of the orientations of fluorescent molecules in OA assemblies has already been
discussed above. Calculations of the normalized quantum yield of an emitter placed in the hot spot
region of an OA are depicted in Figure 3a. Here, the strong dependence of the quantum yield on the

relative orientation of the fluorophore is illustrated in correlation with the excitation wavelength. The main
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conclusion of the graph is the strong quenching in a perpendicular orientation, while the parallel
orientation is enhanced. However, dye orientations do play a crucial role not only in OA assemblies but
also in other energy transfer assemblies like FRET (Forster resonance energy transfer)4041 GET
(graphene energy transfer)“>-*4, MIET (metal induced energy transfer)“546l or in super-resolution
localization precision*’-%l. Often, the relative orientation between two dipolar systems plays an
important role, such as in FRET assemblies, where an energy transfer occurs between a spectrally
overlapping donor-acceptor pair separated by a distance below 10 nm. The efficiency of the energy
transfer strongly depends on the relative orientations between the two molecules and is described by
the orientation factor k2. This factor maximizes to a value of 4 if the two dipoles of the fluorophores are

aligned and has a minimum of 0 for a perpendicular orientation (Figure 3b).F!

aZ>= _‘ I S a— 1b
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Figure 3: Dipole orientations in OA and FRET assemblies. Normalized quantum yield of Cy5 in an OA
at parallel and perpendicular orientations in dependence of the excitation wavelength (a). Different
dipole orientations in FRET (b) yield individual orientation factors (x?2). In a head-to-tail aligned case, k?
is 4, parallel to each other it is 2, and in a perpendicular orientation it is 0. (a) Reprinted with permission

from 1131,

Usually, fluorescent dyes attached to DNA are assumed to rotate freely fixed in one position by a linker.
However, not all dyes show the ability of free rotation but are able to interact with their immediate
surrounding that can hold them in a fixed position. Although the orientation of for example metal
nanorods®? or triangles®® can be controlled, there is nearly no control to orient fluorescent molecules
in DNA. Principally, two different methods exist to attach dyes to DNA. First, they can be attached non-
covalently through an interaction with the double stranded DNA (dsDNA) helix. The interaction thereby
depends on the molecular identity of the dye, which can interact with the base pairs in the dsDNA
(intercalators), bind to the major groove of the dsDNA helix or adhere to the DNA’s backbone.54
Gopinath et al showed that the intercalating dye TOTO-3 always binds with a preferred orientation of
70°+ 10° to DNA.5 Although an orientation control is given, a stoichiometric or geometric control is not
present. Here, again, the big advantage of DNA origami structures comes into play. Due to the high
specificity of DNA hybridization, fluorescent dyes linked to a short single stranded DNA sequence can
bind covalently with a high geometrical and stoichiometric control. However, the orientation control is
not given. Fluorescent molecules can be either attached to the 3’- or 5’-end or even internally by e.g.
the use of an amino-C6 linker. Besides the lack of orientation control in DNA origami structures, no
reliable methods exist that can help to retrieve the orientations of covalently attached fluorescent dyes
in DNA origami structures. Earlier work shows for example, that Cy3 and Cy5 attached to DNA maintain

preferential orientations due to blunt end sticking when attached by a C3-linker® but remain freely
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rotating when attached by other linkers®®l. So the choice of linkers in DNA assemblies has a great
importance. Other studies based on FRET can report on the relative orientations between the two
fluorophore dipoles but not on the relative orientations in the DNA assembly. A study to extract the
relative orientation of fluorophores in a short dsDNA helix was performed using single-molecule
localization techniques.!® Because of the short length of the helix, it can be assumed to be rectilinear,
but the DNA was adsorbed to a positively charged surface, which could impact the fluorophores
orientation. It is still challenging to control the orientation of fluorophores in DNA origami structures,
although fluorophores exist that can be labeled at two endsP?l. Furthermore, an extraction of the relative

orientation in DNA origami structures also remains challenging.

To answer the question of fixed dye orientations in DNA origami structures, a new assay is developed
and examined (chapter 4.2 and associated publication P2). Dye orientations can be extracted with the
help of polarization-resolved wide-field measurements yielding modulating traces for fixed dipole
orientations with a 180° resolution. Besides the orientation of the dyes, the orientation of the DNA
origami structure to which the dye is attached also needs to be known. To resolve this orientation a
DNA-PAINT measurement is operated with a designed asymmetric pattern of DNA-PAINT binding sides
on the DNA origami structure. The asymmetric pattern enables to resolve the orientation of the DNA
origami structures with a 360° resolution on the glass surface. Furthermore, it can report on an upside-
down binding of the structures. After both measurements have been performed, two angles can be
assigned to each other yielding the relative orientation of the dyes in the DNA origami structures. As the
sticking of dyes in DNA origami structures can vary with the dye’s position, different classes of dyes in
different nano-environments are studied. As the measurements alone only give rise to the orientation
but cannot resolve the molecular structure, all atom molecular dynamics (MD) simulations are carried
out. The experimental and theoretical results together can give a good picture on how and in which

orientation fluorophores can stick to DNA.

1.3 DNA Origami Structures at the Influence of High Salt Concentration

Not only dyes can be locked in certain orientations, but dynamic structures can also show similar effects.
For example, in four-way junctions, also called Holliday Junctions®, an alternation between two
isomerization states is observed. These states are stabilized by bridging magnesium ions between
neighboring DNA helices and can have long-lived salt-nucleic acid interactions showing a kind of
memory effect®. Elevated magnesium ion concentrations can slow down the switching kinetics of the
junctions.8"1 This shows that ions play an important role in bridging and stabilizing DNA helices as well
as DNA origami structures.? Thus, DNA origami structures, especially the twist-corrected rectangular
DNA origami structure (NRO) of the original RRO from Rothemund, shows a response on increased
magnesium concentrations. A diagonal distance measured on the NRO with a DNA-PAINT experiment

decreases, while the long axis appears to be slightly increased (Figure 4).[6%
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Figure 4: Distance changes in a rectangular DNA origami structure (NRO) due to the increase of MgCl:
concentration. Distances on the DNA origami structures are measured along the long side and the
diagonal showing a decrease and a nearly continuous distance, respectively. Reprinted with permission

from 1631,

In oxDNA simulations of an NRO structure, a bending of the rectangle along two possible diagonal axes
is observed.® The effect of distance reduction due to increased salt concentrations and bending of the
rectangular DNA origami structure gives rise to the question whether both findings can be combined. To
observe possible static or dynamic changes in the DNA origami structures, tools are needed that yield
more than average values. These tools include optical®-71 and mechanicall®®7% single-molecule
methods or molecular dynamic simulations!”!. Therefore, in this thesis an assay to monitor the structural
changes in the DNA origami rectangle with high structural and temporal resolution is developed (chapter
4.3 and associated publication P3). An arrangement of DNA-PAINT binding sides on the rectangular
DNA origami structure at the long sides permits to detect structural changes. Distance measurements
between the two imaged parallel lines help to answer the question with regard to a possible gradual
structural change in the DNA origami structure. However, the finding is that two different kind of
structures are present in the super-resolved images, which possibly imply a rolling-up. This fortuitous
effect is interesting to study as usually structural changes are only obtained by the implementation of
special motifs like hinges[™, joints®567.73741 or catenanes!’®. But to provide evidence of underlying
dynamics, the method of DNA-PAINT is not practical as the acquisition times are in the minutes’ time
range. So a more sensitive assay has to be developed to gain structural and temporal resolution to
answer the question of possible dynamics. To this end, an energy transfer assembly is introduced to the
DNA origami structure. Usually, FRET assemblies are used to report on structural changes in dynamic
systems, which show the disadvantage of acceptor bleaching and small working ranges, where the
distance of 50% energy transfer is limited to about 6 nm. Here an energy transfer between a single
fluorophore and a 10 nm gold nanoparticle is used, with the NP as an unbleachable acceptor and a
distance of 50% energy transfer of 10.4 nm!"®l. The introduced energy transfer relies on the ability of
small NPs to quench the fluorescence intensity and lifetime. In the presented assay a quenching occurs

when the fluorophore approaches the NP. This effect can be monitored by confocal lifetime imaging.



Introduction 9

1.4 Implementation of Combined Single-Molecule Methods

The studies presented in this thesis range from imaging the polarizability in emission as well as
absorption processes to the extraction of dye orientations in DNA origami structures through to the
resolution of structural and dynamic processes in flexible DNA origami structures. To study these effects
on the single-molecule level, new assays are required. These assays are a combination of defocused
and polarization-resolved wide-field imaging to gain information about the emission and absorption
dipole orientations. A combination of DNA-PAINT and polarization-resolved wide-field imaging allows to
extract the relative orientations of fluorescent dyes in DNA origami structures. Lastly, to observe the
structural changes in DNA origami structures with a high spatial and temporal resolution, DNA-PAINT
measurements are combined with an energy transfer assembly in scanning confocal lifetime imaging.
These assays can be used for a broader range of studies as discussed in chapter 5. Hence, one main

focus of this thesis is to expand the toolbox of single-molecule imaging and assays.
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2. Theoretical Background

This chapter provides an overview of the theoretical principles needed for the understanding of the
processes studied in this work. The basics of the photophysics of organic dyes is explained, and
strategies to prevent the dyes from photobleaching and blinking are discussed. Additionally, plasmonic
NPs are introduced together with a short theoretical explanation of the basic principles of localized
surface plasmon resonances. Then, the interaction between a plasmonic NP and an organic fluorophore

is explained. In the last part, the technique of DNA origami folding is introduced.

2.1 Photophysics of Organic Dyes

Fluorescence is a spontaneous process that might take place after exciting a molecule with light. For an
excitation process to happen, the energy of the exciting photon has to match the energy for an electron
to overcome the energy barrier between the electronic ground and the excited state.l®! The energy of a

photon can be described by Planck’s law(’®!:

E= (2.1)

hc
A
Here, h is the Planck constant (6.626:-10-34 J/Hz), c the speed of light (2.998:10% m/s) and 1 the excitation
wavelength. The process of excitation through energy absorption is regulated by the Franck-Condon
principle.l'”:78 |t states that excitation is a transition of an electron from the ground state into the excited
state and only occurs if the vibrational wave functions between the different states show a high
symmetry. An important assumption that has to be made to explain these processes is the Born-
Oppenheimer approximationl”™, which says that the heavier nuclei of the molecules can be assumed to

be static compared to the lighter electrons.

Following the rules explained above, the transitions in excitation/absorption and emission processes
can be summed up in a Jablonski diagram (Figure 5a).B% Involved processes can be radiative (solid
arrows) or non-radiative (dashed arrows). After excitation from the ground into the excited state S+ (blue
arrow) at a rate constant kexc, the excited molecule can take different paths to decay to the ground state
(So). Besides the excitation to the S1 state, higher electronic states (S2 — Sn) can also get populated,
which, for reasons of simplicity, is not depicted here. A depletion from the excited state to the ground
state can appear through heat dissipation (kn; dark gray dashed arrow) or through the radiation of a
photon as fluorescence (red arrow) with a rate constant ks. This process shows a lower energy than the
excitation, which is also indicated by the length of the arrows. The loss in energy results in a spectral
red-shift of the emitted wavelength compared to the excitation wavelength (Figure 5b), which is also
known as Stokes shift"l. It is important to note that due to Kasha'’s rule®!], emission can only result from
the vibrational ground state of the excited S+ state. Thus, if the molecule is excited to higher vibrational
states, it first has to undergo internal conversion (light gray dashed arrows) before a transition to the
electronic ground state So takes place, as stated by the Stokes shift. This shift enables the separation

of emission from the excitation light by the simple use of spectral filters. The broadening of the absorption
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and emission spectra in Figure 5b thereby results from transitions involving not only the vibrational
ground states of So and Si. In the excitation spectrum, this broadening arises from the excitation to
higher vibrational states of the S1 state. In the emission spectrum, a depletion from the vibrational ground
state of S1 to higher vibrational states of the So state is leading to the spectral broadening.® In addition
to the directly decaying processes from the S1 to the So state, the molecule can undergo intersystem
crossing (kisc; orange dashed arrow) from the singlet S+ to the triplet T+ state. This process requires a
spin flip of an electron, which is an unlikely and un-favored process taking place on a relatively long time
scale compared to the other processes. Once the transition into the triplet state happens,
phosphorescence (kpnos; green arrow) under light radiation or a non-radiative process (kn;; dark gray

dashed arrow) through heat dissipation to the ground state So can occur.
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Figure 5: Jablonski diagram and excitation/emission spectra of ATTO 647N. (a) Jablonski diagram
showing the processes during fluorescence. The singlet states So and S1 as well as a triplet state T+
with rotational levels are involved in the transitions. These transitions, i.e. the excitation/absorption
process (blue) with its rate constant Kexc, the emission/fluorescence process (red) with the rate constant
ks, and the phosphorescence (green) with kpnos, are radiative processes. The internal conversion (light
grey), the non-radiative decay (dark grey) with knr, and intersystem crossing (orange) with kisc are non-
radiative processes. (b) Exemplary absorption (blue) and emission (red) spectra of the ATTO 647N
dyel®?.

Each fluorophore is characterized by further photophysical parameters, which are emission and
absorption spectra, the fluorescence quantum vyield, and the fluorescence lifetime. The fluorescence
quantum yield ¢, (equation 2.2) is a measure of the fraction of emitted photons N,,, compared to
absorbed photons N,,,. It can be written as the ratio of the fluorescence rate constant (ks) to the sum of
all rate constants of the processes depopulating the S1 state (k#, knr, Kisc).

— Nem _ k1
bri=5,. "3k (2.2)

A value of ¢ = 1 means that all absorbed photons are emitted without any losses. The fluorescence

quantum yield can take values between 0 and 1.
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The average time that a molecule spends in the excited S1 state is the fluorescence lifetime, which is
defined by

-1
Tsl = (kfl + knr + kISC) (23)

The fluorescence lifetime is in the range of 10° to 10® s, whereas phosphorescence takes place on
longer time scales in the 10 to 10° s.

211 Radiation Characteristics of Dipole Emitters

To fully describe the processes illustrated in chapter 2.1, the radiation characteristics of dipole emitters
have to be considered, too. Therefore, the dipole character of organic dyes with a transition dipole
moment and the radiation propagation of the electric field in the emission process has to be taken into
account. Fluorophores can be treated as Hertzian dipoles, which are harmonically oscillating point
dipoles with a transition dipole moment u. The dipole moment will be oriented according to the molecular

structure of the dye (Figure 6a) in the delocalized m-electron-system. 383l

-
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Figure 6: Dipole character of a fluorescent dye. (a) Molecular structure of ATTO 647N with an arrow
illustrating the transition dipole moment u. (b) Electric field vectors created around an electric dipole. (c)
Schematic of the emission intensity of a fixed fluorophore (red arrow) by linear polarized light (black

arrow) of different relative orientations to the emitter.

Emission of an organic dye always occurs perpendicular to the orientation of its dipole moment and is
zero along the dipole axis (Figure 6b, Figure 7a). As the dipole is oscillating, the charges change
periodically and the created field is broken and builds up again. For a dye situated close to an interface
of two different media with different refractive indices (e.g. water—glass), the radiation is altered by an
evanescence field coupling. The evanescent field couples to the medium of higher refractive index,
which results for the case of a water—glass interface (with water above and glass below) in a radiation
mainly into the glass (Figure 7b, ¢).®* Figure 7 b and ¢ show how the angular power radiation of a dipole

is varied for different dye orientations (vertical and horizontal) at the water-glass interface.

dipole in vertical dipole at horizontal dipole at
homogenous medium water-glass interface water-glass interface

Figure 7: Emission of a dipole emitter. Aqular power radiation in a homogenous medium (a) and close

to a water-glass interface with a vertically (b) and horizontally (c) oriented dipole. (Adapted from [8%)
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In light microscopy, the direction of preferred emission into glass is related to the collection direction of
emitted light. In single-molecule experiments, fluorescent dyes are often studied in aqueous solutions.
Under these conditions the dye is able to rotate freely and has the character of an isotropic emitter,
meaning it emits homogenously in all directions. A dye that is either fixed by a solid surrounding medium,
dried on a surface or hold in one position by other means behaves like an anisotropic emitter. Here, the
nature of organic dyes of preferentially absorbing light with an electric field vector parallel to its transition
dipole orientation comes into play. Thus, the fluorescence intensity is maximized for the orientation of
excitation polarization 6 parallel to the orientation of the transition dipole moment ¢ and minimized in a
perpendicular situation (Figure 6¢). Knowing the angle of the linear polarized excitation light enables the

extraction of the orientation of a fixed fluorescent dye in the lateral plane.
2.1.2 Photostabilization of Organic Dyes

Huge drawbacks of organic fluorophores are photobleaching and blinking processes. After excitation,
the fluorophore can enter a triplet state instead of relaxing to the ground state via fluorescence radiation
(Figure 8a). In the triplet state the fluorophore can interact with oxygen, which has a triplet character in
its ground state. A result from this interaction is singlet oxygen, which is highly reactive and can
irreversibly oxidize the chromophoric system.[®® To circumvent the process of photobleaching, oxygen
scavenging chemicals are added to the measurement buffer. These agents are enzymatic systems like
a combination of glucose oxidase, catalase, and glucose. The reaction of glucose with the oxygen in
solution is catalyzed by glucose-oxidase giving glucolactone and hydrogen peroxide as reaction
products (Figure 8b). Additional added catalase decomposes the hydrogen peroxide to oxygen and
water.[”88 This process induces a longer-lived triplet state that can no longer be depopulated by the

interaction with oxygen, and therefore longer off-times occur.
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Figure 8: Modified Jablonski diagram for ROX system, oxygen scavenging reaction, and trolox
conversion. (a) Jablonski diagram showing the excitation (blue) and emission (red) process with
additional pathway (orange) to the triplet state T+ from where reduction (dark gray) and oxidation (light
gray) through transient radical states (F*~ and F™*) occur. (b) Reaction of glucose with glucose oxidase

and catalase for oxygen scavenging. (c) Conversion of trolox to trolox quinone by UV irradiation.

The second limiting process in single-molecule studies is the blinking of fluorescent dyes that occurs
due to a temporary occupation of dark states like the triplet state. To circumvent this limitation, a

depopulation of the triplet state can be induced by reducing and oxidizing (ROX) chemicals (Figure 8a),



Theoretical Background 14

where two pathways are possible. One possibility is that the fluorophore first gets reduced entering a
radical anion state before the oxidation to the ground state So occurs, and the second possibility is that
the process takes place via a radical cation intermediate state. As a ROX system, the vitamin E analogue
trolox and its quinone can be used to depopulate the triplet state.[%% The quinone is synthesized by

the irradiation of trolox with UV light (Figure 8c) until both forms are equally concentrated in solution.

By combining both systems, i.e. the oxygen scavenging and ROX agents, the fluorescent dyes can be
protected from photobleaching as well as from blinking kinetics that makes them very photostable and

useful in a broad range of SMFM applications.

2.2 Metal Nanoparticles

The use of the photophysical properties of metallic NPs dates back to the Roman times when the
particles were used to dye ceramics or to create shiny glasses like sacral windows. Although the theory
behind the origin of the color was not understood at that time, it was widely used. One of the most
famous examples is the Lycargus cup, where gold and silver particles are dispersed in glass. This cup

shows a red color when illuminated from the back and green when illuminated from the front.!°"

Later, the physics behind the color has been more and more understood and described by several
theories. A model for the charge transport in metals through the interaction with an electromagnetic field
was first developed by Drude in 1900.1°2%% This model was added by Arnold Sommerfeld in19331°4, who
showed the absorption and scattering of light. Exact calculations of the absorption and scattering of
spherical NPs were made by Gustav Mie in 1908.1%! The field of nanoantennas made from metallic NPs
that act as receivers or emitters of electromagnetic light was introduced by Wessel in 1985. Furthermore,
NPs can transverse light into a local field and affect emitters close by, something which is used in a

broad variety of applications.

In this chapter, the theory behind the color and the interaction of metal NPs smaller than the wavelength
of light with impinging electromagnetic waves is discussed. Moreover, the coupling of a plasmonic NP

with another NP and a fluorescent dye is introduced afterwards.
2.21 Plasmonic Nanoparticles

Metals like gold or silver are known in daily life as jewelry but not for their property to interact with light.
However, as their size decreases new properties arise, which can be of advantage in scientific
assemblies. These so-called metallic nanoparticles can exhibit different optical properties depending on
their material, size, and shape.[®®°"l Mostly, rod-like structures or spherical NPs are the subject of
studies, but also triangles®%l disks®®1% or even nanostars!'?"'92 have been examined. Figure 9
shows a series of gold and silver NPs of different sizes. The color of the NPs thereby is given through
the spectral regions where absorption and scattering processes occur. Gold NPs absorb and scatter in
the green wavelength region, so they appear red to our eyes, whereas for silver these processes take

place in the blue region, making them yellow.
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Figure 9: Spherical gold and silver nanopatrticles of different sizes exhibit different colors in solution.
Adapted from [1%3,

The absorption and scattering cross-sections are defined by the resonance behavior of the metal
interacting with an electric field (e.g. light). An electromagnetic wave impinging on the metal’s surface
induces a light matter interaction of the propagating light wave with the electrons in the conduction band
of the metal atoms. A result of this interaction is a displacement of the electron cloud from its equilibrium
position. The separation of charges induces a restoring force through Coulomb attraction, and the
electron gas starts to oscillate as depicted in Figure 10a.6.10419%] The oscillation driven by the restoring
forces only occurs at a specific size-dependent frequency. A condition which has to be fulfilled for this
type of interaction is that the NPs need to be much smaller than the wavelength of light (R/A < 0.1, with
R being the radius of NP and A the incidence wavelength).[' |n this case, the NP acts as an oscillator
with an induced dipole moment, and its resonance behavior determines the optical properties of the
NP.181%1 The oscillating charges can also be described as plasmons. At a planar interface the plasmons
are called surface plasmon polaritons, and they propagate freely along the interface. In the case of NPs,
plasmons are confined to the NP’s geometry and are termed localized surface plasmon resonances
(LSPRs).8l The penetration of the electromagnetic field into the NP is limited to a certain depth, called
the skin depth, and is about 15 nm in the vis-NIR region for gold.['7:1%81 The strength of oscillation is
impacted by the NP’s size as well as by damping effects through radiative and non-radiative processes
(Figure 10b). On the one hand, energy losses can occur through a radiative decay via the emission of
a photon. On the other hand, non-radiative transitions can occur as interband or intraband transitions

with an excitation from the d-band to the conduction band or within the conduction band, respectively.['%

a b radiative decay non-radiative decay
®

e 2 |E

=) - o = s

(] » E, c S |s

A - «— L | Bl SS- , ~1 =

] cia b

w g +H =

E E

owans |

Figure 10: Oscillating NPs and decay processes in NPs after light irradiation. (a) In-phase oscillation of
the electron gas in a metal nanopatrticle with the electric field of a propagating electromagnetic wave.
(b) Surface plasmons can decay radiatively by the emission of a photon or non-radiatively by building
electron-hole pairs through interband and intraband transitions from the d-band to the conduction band
or within the conduction band. (Adapted from [1%9)

The Mie theory provides a full analytical model to calculate the LSPRs of spherical nanoparticles.[%110]

For NPs much smaller than the wavelength of light, the Rayleigh approximation can be used.[''"12 Thijs
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approximation helps to explain the distortion of the electron cloud in response to an external electric
field through the polarizability a, given by

3 ED)—em(D)

a(l) = 4meyR D izen(h)

(2.4)

Here, 1 is the wavelength of light, R the NP’s radius, ¢, the vacuum permittivity, ¢, the dielectric
constant of the surrounding medium, and ¢ = €’ + ie" the complex relative permittivity of the NP. The
surface plasmon resonance is reached when « is maximized, which occurs when the denominator in
equation 2.4 is minimized.l'""® This condition is met when £(1) = —2 ¢,,(1), which is referred to as
Frohlich condition.''4 It is important to note that both the dielectric function of the NP, which is

dependent on the wavelength, and the medium impact the resonance condition.

The Rayleigh theory, which is valid for small NPs (< 50 nm), helps to describe the elastic scattering of

light.['"I This leads to the expressions for the scattering cross-section(''€l

_ KYa)I? _ 8mk*RS | e(D)—em(A) |2
Oca ™ Tz 3 le)+zem@) (@.5)
and the absorption cross-section(!'6l
_k _ 3y [ ED—Em(D)
Oavs = - Im[a(D)] = 4mkR*Im |22, oTe—— (2.6)

Here, k is the wave vector, and Im[a(A)] is the imaginary part of the polarizability. Equations 2.5 and
2.6 show a clear R® dependence for the absorption, whereas the scattering shows an R® dependence.
This explains why smaller NPs show less scattering than bigger NPs, and smaller NPs absorb much

stronger.[!
2.2.2 Coupling of Two Plasmonic Nanoparticles

Two nanoparticles can be assembled next to each other by means of lithography or the use of DNA
origami structures (see section 2.3). Depending on the polarization of the incidence electric field, NPs
can act as single plasmonic NPs or as a coupled dimer antenna. The interacting particles can be
described in terms of hybridization of the plasmon modes following the methods to treat electronic
orbitals in molecules (Figure 11a).['%1"1 Two modes in the NP dimer are exhibited, which can be parallel
or perpendicular to the dimer axis, with a bonding mode at the lowest energy showing a net dipole
moment. In this context, the far field optical properties are only defined by the two modes showing a net
dipole moment (marked with a star in Figure 11a). Other modes show a net dipole moment of zero as
the dipoles of the particles cancel out each other. The relative splitting between the bonding and
antibonding mode in the hybridization diagram is dependent on the gap size of the dimer antenna.l'08.117]

Compared to monomer NPs, coupled dimer antennas show a red shift of the LSPR.[%!
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Figure 11: Plasmon mode hybridization and electric field enhancement. (a) Plasmon mode hybridization
of two close-by gold NPs. + and — indicate the dipole oscillation direction. Depending on the oscillating
mode of each NP, different combinations of bonding and antibonding modes occur. Only states marked
with a star are optically active. (b) Electric field intensity of a 100 nm Au NP dimer with an interparticle
distance of 12 nm at an excitation wavelength of 640 nm. The excitation propagates in z direction and

is polarized along x. Reprinted with permission from 22,

NPs show not only an induced electric dipole moment within the particle but also an external dipolar
field surrounding the NP, which is driven by the resonantly enhanced field inside the NP. The distribution
of the enhanced electric field intensity surrounding the metal NP dimer is depicted in Figure 11b.122! It
should be noticed that a very confined electric field is created between two NPs®l, which is often referred

to as hot spot region and has just the size of a few nanometers.5!
2.2.3 Coupling of Plasmonic Nanoparticles with Organic Dyes

Noble metal NPs like gold and silver are commonly used, and LSPRs in the visible region of the
electromagnetic spectrum are exhibited.[''® Thus, they can couple to a long range of organic dyes in
this spectral region. OAs can act as receivers or vice versa as transmitters. As a receiver, the OA
focuses the far field radiation to the emitter’s near field. In case of transmitting properties, it couples to
the electromagnetic field of an emitter and transfers the signal to the far field. An emitter placed in close
proximity to an NP therefore experiences an influence on its photophysical properties (Figure 12a) with

a complex influence on all rate constants.®1"®l The excitation rate constant k., of the dye is enhanced
because it is proportional to |ﬁab§|2, where ji,, represents the absorption dipole moment of the

fluorophore and E the electric field.l'20121 Consequently, the enhancement of the excitation rate
constant is strongly dependent on its relative position to the NP dimer.-'¥ This can be seen in Figure
11b, which shows that the electric field is intensified close to the NPs’ surface and creates a hot spot
region in between the two NPs. Furthermore, the distance (z) to the NP’s surface is important (Figure
12b).":1221 With a decreasing distance to the NP, the excitation rate is enhanced. This leads to an
enhancement in the fluorescence signal as the excitation rate is directly connected with the fluorescence

intensity, which is defined by

k
Ifl = kexckaflinr = Kexc® (2.7)
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The second quantity involved in equation (2.7) is the quantum yield ¢, which is defined in equation (2.2)
and is directly correlated to the fluorescence intensity as illustrated in equation (2.7). The quantum yield
expresses the efficiency of the emitting system and includes the radiative and non-radiative decay rates,
which are both influenced by the NP. The presence of an NP opens up new pathways for the
depopulation of the S1 state. For short distances of the dye to the NP’s surface, energy is directly
transferred to the NP, enhancing the non-radiative decay rate constant k..[®! During this process the
energy dissipates through heat by Ohmic losses. At larger distances, the radiative decay rate k:, which
is influenced by the photonic mode density (PMD), plays a more important role.®! The rate can be

higher!'2% or lower!'?4 depending on whether the fluorophore is placed in a region of high or low PMD.8!

While the excitation rate of a quantum emitter near the NP’s surface is enhanced when the distance
decreases, the quantum yield is reduced because the non-radiative decay rates get higher.[.'?2 Figure
12b shows a diagram with the excitation rate enhancement and the change in quantum yield for an
emitter with ¢ = 1. At a certain position, both curves cross each other. This is where at shorter distances
fluorescence quenching becomes important. Similar to the excitation rate, the emission rate constant is
also impacted by a change in the distance between the dye and the NP (Figure 12c). At distances below

10 nm quenching occurs, whereas a strong enhancement is visible between 10 and 20 nm.

a s 5 . b c

— 512 S
1 vk, = E |
! o 3 | ——1.0 3 |
: —r g | / G g |
2 : ' € | 7 = € 4
U] \ (7]
%’ k.. 1k k, |k Qo 6\;‘ 055 o
c [ nr n © Y < d{-ﬁ
@ 1 ] - A & = 2
: ; 5 |\ s 5
. . 5 | > ]02 2
1 l = { L4
S Y Vv ¥ £ 020 80 00 £ 00 —%0 700
0 z [nm] z [nm]

Figure 12: Jablonski diagram for NP-dye coupling and rate constant changes of a dye. (a) Jablonski
diagram of an organic dye molecule situated close to a plasmonic NP showing the rates influenced by
the NP. Fluorophore situated at a distance z to an 80 nm gold nanoparticle excited with a wavelength
of 650 nm. (b) Excitation rate enhancement (red) and quantum yield (blue), (c) emission rate
enhancement as function of the dye NP separation z. Solid lines represent exact results and dashed

lines are approximations. (b) and (c) Reprinted with permissions from 1?4 and (34,

The enhancement of the rate constants is not only dependent on the relative distance between the
emitter and the metallic NP, but also the size of the NP plays an important role (Figure 12c). With an

increase in the NP’s diameter the emission rate becomes higher.

In addition to the distance, the relative orientation of the emitters transition dipole moment to the NP
also plays an important role in the dye-NP interaction. The coupling between a fluorophore located in
the hot spot and a NP dimer assembly will be discussed below.['"! Figure 13a and b show sketches of a
gold NP OA with a fluorophore, illustrated by its transition dipole moment (red arrow), in the gap region.
The fluorophore’s dipole creates image charges in the NPs (black arrows). The discussion only focuses
on the two extreme cases of a radial (Figure 13a) and tangential (Figure 13b) orientation with respect

to the dimer axis. In an aqueous surrounding a fluorophore usually is able to rotate freely and behaves



Theoretical Background 19

like an isotropic emitter. For a fluorophore inside an OA, the dye is still able to take all possible
orientations, but the radiation characteristics change. In a radial orientation, the dye can couple to the
resonant mode of the antenna. On the other extreme, which is the tangential mode, the emission will be
suppressed. These two effects can be explained with the help of Figure 13a and b: in a parallel
orientation the dipole is intensified by the image dipoles (Figure 13a), whereas in the perpendicular
orientation it is canceled out (Figure 13b). This is further illustrated by the simulations shown in Figure
13c, where the relative change in the quantum yield of an ATTO 647N dye placed in the hot spot of a
dimer or close to a monomer antenna is drawn as a function of the NP diameter.'l The quantum yield
is simulated for a parallel (radial) and perpendicular (tangential) orientation of the dye in the hot spot
region in a dimer and monomer assembly. The splitting of the two cases again shows what was
illustrated before by the image charges created by a quantum emitter in the NP’s hot spot. The
combination of these two effects enhances the emission, and the emitter’s radiation coupled to the

antenna becomes anisotropic.['?°]
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Figure 13: Dye-NP coupling illustrated by image charges and quantum yield changes. Image charges
(black arrows) in a gold NP dimer induced by the dipole moment of a fluorescent dye (red arrow) with
parallel/radial (a) and perpendicular/tangential (b) orientation to the dimer axis. (c) Simulated quantum
yield of a single emitter in monomer and dimer NP structures as a function of the NP’s diameter. Values
are normalized to the quantum yield of 0.65 for ATTO 647N. (c) Reprinted with permission from "],

Based on the influence of plasmonic nanoparticles, excitation as well as emission processes get altered.
This in turn leads to an adaption of the aforementioned quantum yield, but also the fluorescence intensity
and lifetime will be affected. A factor to describe the ratio of the modified k,. and unmodified k,. radiative
decay rate is known as the Purcell factor. In the following contributions, another characteristic that
quantifies the influence of a metallic NP on a fluorophore is used, which is the fluorescence

enhancement (FE) factor. This factor is described as the ratio between the modified I, and unmodified

I¢; fluorescence intensity.

2.3 DNA Origami Nanostructures

DNA is a biomolecule carrying genetic information of organisms and viruses. It exists as a right or left
handed double helical structure (Figure 14a) corresponding to A- and B- or Z-DNA, respectively. The
most common form is the B-DNA, decoded by Watson and Crick.['?6127] Each strand of the double helix
has a 3’- and 5’-end that in a paired case run antiparallel to each other and consist of a sugar phosphate

backbone connecting the nucleobases. These bases are the purines adenine (A) and guanine (G) as
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well as the pyrimidines thymine (T) and cytosine (C). To form the double helical structure, two of the
four bases build specific base pairs (Figure 14b) through hydrogen bond formation. Hence, adenine

pairs up with thymine and guanine with cytosine.
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Figure 14: Molecular structure of DNA. (a) B-DNA double helical structure with a major and a minor
groove. One whole turn is reached after 10.5 base pairs (bp), and the distance between two adjacent
base pairs is 3.4 nm. (b) Structural composition of the DNA base pairs and DNA sugar phosphate
backbone. Thymine (green) and adenine (red) as well as cytosine (blue) and guanine (orange) build

base pairs via hydrogen bonds.

The specificity of DNA can be used to build predefined structures with the help of the DNA origami
technique introduced by Paul Rothemund!'®l and based on previous work of Nadrian Seeman!'”l. With
the help of the program caDNAnol'®! two- or three-dimensional DNA origami structures can be
designed.['®12° The process of DNA origami folding is shown in Figure 15a. As a basis for the structures
a circular single stranded DNA (scaffold), built from several thousand bases and extracted from a
bacteriophage, is folded with the help of about 200 short single stranded DNA strands (staples) into a
predefined shape. To fold the structures, a temperature gradient over time is applied to a buffered
mixture of salts, scaffold, and staple strands. Here, the temperature gradient, which starts at 70 °C,
forces the scaffold strand through the short staple strands into the designed shape. The time needed
for this process is dependent on the final structure. Complex 3D structures usually take longer to fold
than 2D structures (1.5 — 26 h).

An example of folded structures is given in Figure 15b, which shows an atomic force microscopy (AFM)
image of folded and purified rectangular DNA origami structures (NRO®3]). The technique of DNA
origami is not only helpful for the design of different shapes, but it is highly modular as well as it is
possible to modify DNA with different functional groups, fluorescent dyes (red sphere and inset in Figure
15¢) or biomolecules to position them on the structures with stoichiometric and nanometer accuracy.
Also, DNA extensions can be introduced that are able to bind bigger particles (yellow sphere in Figure
15¢), such as nanoparticles covered with a complementary sequence, or that can be used for DNA-
PAINT experiments (see 3.2.3.1). For immobilization on a glass surfaces, the DNA origami structures
have biomolecules (biotin) attached (Figure 15c¢). The glass surface is functionalized with BSA-biotin
and neutrAvidin to bind the biotins from the DNA origami structures with high stability enabling single-

molecule experiments. Thus, DNA origami structures are highly versatile and modular platforms.
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Figure 15: DNA origami folding and functionalization properties. (a) Folding process of a DNA origami
structure. A circular single stranded scaffold strand (black) is folded by short single stranded staple
strands (blue) with the help of a temperature gradient into the predefined shape (here: rectangular
structure). (b) Atomic force microscopy (AFM) image of folded rectangular DNA origami structures. (c)
Immobilization of DNA origami structures on a functionalized glass surface with BSA via biotin and
neutrAvidin, attachment chemistry of a fluorophore to a DNA staple, and binding of gold NPs via DNA

hybridization.
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3. Microscopy Techniques

Many different measurement techniques are used in fluorescence spectroscopy to address
photophysical, biological and other related problems. They can be divided into ensemble and single-
molecule techniques, where the method of choice depends on the exploratory problem. The focus of
this thesis is on single-molecule techniques. In the following chapters, measurement techniques are
introduced that are used for the problems addressed in this thesis. They can be subdivided into temporal,
orientation and sub-diffraction distance resolution measurement techniques. A differentiation between
confocall’*® and wide-field microscopy®® is made, and special implementations in each of these
microscopy techniques are introduced. Modifications in these basic microscopy principles are versatile
and span huge areas of applications. The focus of this thesis lies on time-resolved confocal
measurements with fluorescence lifetime extraction (chapter 3.1) in different probe assembilies.
Furthermore, the modifications required for polarization-resolved measurements (chapter 3.2.1),
defocused imaging (chapter 3.2.2), and spatial resolution by DNA-PAINT measurements (chapter

3.2.3.1) are explained.

3.1 Confocal Microscopy

In confocal microscopy, a laser beam is focused to the sample surface, and the emission of the excited
molecules is collected by the same objective that is also used in the excitation process. With the help of
a dichroic beam splitter, the emission light is separated from excitation light and focused on an APD
(avalanche photo diode). By the use of pulsed lasers and time correlated single photon counting

(TCSPC) modules the fluorescence lifetime of a molecule can be measured.

The confocal setup used in this thesis, which is depicted in Figure 16, is based on an inverted Olympus-
IX81 microscope. For excitation, a pulsed white light laser source (78 MHz, SuperK Extreme, NKT
Photonics) is used. With a first AOTF (acousto-optical tunable filter, 2012608, Crystal Technology Inc.)
the wavelength of the laser can be set e.g. to 532 nm and 639 nm, and with a second AOTF
(AA.AOTF.nsTN, A-Opto-Electronic) an alternation of both laser lines can be achieved. By using a
neutral density filter (nd filter, ndF, OF 0-2, Thorlabs), the laser power of the excitation laser can be
tuned before it is coupled into a polarization-maintaining single mode fiber (PM-fiber, P1-488PM-FC-2,
Thorlabs). The laser is further directed through a combination of a linear polarizer (LPVISE100-A,
Thorlabs,), an EOM (electro-optical modulator, L 0202, Qioptiq), and a quarter-waveplate (AQWP05M-
600, Thorlabs) in order to generate linear polarized light that can be rotated about its own axis with a
specific frequency. Thus, all molecules with a fixed electric dipole moment can be excited with the
matching polarization to gain the best excitation and highest fluorescence response. The laser beam is
then focused in the sample plane through an immersion oil objective (UPlanSApo 100x, NA = 1.4,
WD = 0.12 mm, Olympus). Scanning in x- and y-direction of the sample is performed with a piezo stage
(P-517.3CL, E-501.00, Physik Instrumente GmbH & Co. KG). The emitted light is collected by the same
objective used in excitation and separated from the excitation light by a dichroic beam splitter. After

separation, the emitted light is focused in the plane of a pinhole (50 um, Linos) to block scattered light
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and out-of-focus emission from dyes and particles in solution. Afterwards, the light is directed to an APD
(Avalanche Photo Diode, SPCM, AQR 14, Perkin Elmer) by a combination of two lenses. For spectral
separation of emitted light of different wavelengths, a dichroic mirror is used to direct the light to two
independent APDs. The light is filtered by emission filters (green: BrightLine HC 582/75, Semrock Inc.;
red: RazorEdge 647, Semrock Inc.) before impinging on the APDs.
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Figure 16: Scheme of the confocal setup used in this thesis. The excitation path is illustrated by a blue

line, emission by a red/orange line. Electric connections are visualized by black lines.

To perform time correlated single photon counting, a TCSPC system (Hydra Harp 400, PicoQuant,
Germany) is implemented (further details see the following chapter), and data processing is performed

by a custom written LabVIEW software.
3.1.1 Time-Resolved Confocal Microscopy

The confocal microscope used in this thesis is connected with a TCSPC module to accurately detect
the photon arrival times and extract the fluorescence lifetime. To this end, a pulsed white light laser
source is used to excite the sample, with the starting point of the laser pulse being known. After the
excitation of a molecule, a photon may be emitted and detected on an APD. This point in time is set into
relation to the starting point of excitation (Figure 17a). The lag time between the excitation and emission
pulses gives the decay time of a single emission event (Figure 17b). Through many repetitions (1-N) of
this process, a histogram of the decay times is gained, which resembles the shape of the decay (Figure
17c). By fitting the slope of this decay with a mono-exponential function, the fluorescence lifetime of an
emitter can be extracted. The limitation of this technique is based on the repetition rate of the laser (in
the presented studies 78 MHz) and the lag times in the electronics. A measure to describe the limit of
the shortest measureable fluorescence lifetime is the IRF (instrument response function). The IRF
depends on the shape of the excitation pulse and is limited by the detector as well as the timing
electronics.! Measured fluorescence lifetimes are usually de-convoluted from the IRF to extract the real

fluorescence lifetimes.
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Figure 17: TCSPC in confocal microscopy. (a) Schematic of the TCSPC principle. A sample is excited
with a laser that sends an electric signal to the TCSPC module to start. The emission is detected by an
APD, which sends a stop signal to the TCSPC module. The time between both pulses is plotted in a
histogram. The single events of emission occur at different delay times At to the excitation pulse (b). All
of these 1-N events sum up in a histogram which resembles the waveform of the decay time (c). Here,

a fluorescence decay of ATTO 647N is shown.

Besides the extraction of fluorescence lifetimes from intensity transients, fluorescence lifetime imaging
microscopy (FLIM) can be performed. To gain FLIM images, the collected data from the scanned
confocal images is used to calculate the fluorescence lifetime of each scanned pixel with the help of a

home written LabView software.

3.2 Wide-Field Microscopy

In contrast to confocal imaging, in wide-field microscopy the laser is not focused in the sample plane,
but in the back focal plane of an objective and then directed to the sample, illuminating a large area.
Due to the larger imaging area, wide-field illumination enables the detection of many molecules at a

time.

The used wide-field setup, a sketch of which is shown in Figure 18a, is based on an inverted Olympus
IX71 microscope. A 644 nm diode (ibeam smart, Toptica Photonics) and a 532 nm fiber laser (MPB
Communications) are used for excitation. A spectral clean-up of the lasers is performed by the use of
filters (red: Brightline HC 650/13, Semrock; green: Z532/647x, Chroma). After cleaning up, the laser
passes through a linear polarizer (LPVISC100-MP2 510-800 nm, Thorlabs) in order to clean up the
polarization before being directed to a removable quarter- (AQWP05M 400-800 nm, Thorlabs, Germany)
or half-waveplate (AHWPO05 M 400-800 nm, Thorlabs). The working principles of the waveplates are
further described in chapters 3.2.1 and 3.2.2. The laser beam is focused in the focal plane of the
objective (UPLXAPO 100x%, numerical aperture (NA) = 1.45, working distance (WD) = 0.13, Olympus)
through lenses mounted on a x-microstage. For sample stabilization, a nosepiece stage ((IX2-NPS,
Olympus) together with an actively stabilized optical table (TS-300, JRS Scientific Instruments) are
implemented. The emitted light from the sample on top of the nosepiece stage is collected by the same

objective that is used in excitation and separated from the excitation light by a dichroic mirror (Dual Line
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zt532/640 rpc, AHF Analysentechnik). After spectral separation, the emission light is focused through
an emission filter (red: ET700/75, Chroma; green: BrightLine 582/75, AHF Analysentechnik) on an
EMCCD camera (electron multiplying charge-coupled device, iXon X3 DU-897, Andor) by a lens. Data
acquisition is performed by the open source microscopy software Micro-Manager operated in

ImageJ.['3"]
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Figure 18: Scheme of the wide-field setup used in this thesis. Sketch of the wide-field setup (a) and the

special illumination mode of TIRF (b). Working principles of a quarter-waveplate (c) and a half-waveplate

(d).

A measurement mode of wide-field microscopy is the TIRF (total internal reflection fluorescence)
microscopy.['32133 Here, the excitation laser beam is directed to the glass interface with an angle « to
the optical axis z (Figure 18b). This angle is achieved by the movement of the x-microstage. At an angle
below the critical angle, given through the diffraction indices of glass (n1) and the medium (n2), the laser
beam will be totally reflected into the direction of the denser medium. In the case of a glass-water
interface, glass is the denser medium, and an evanescent field will be created in the aqueous medium.
This evanescent field is propagating along the optical axis, has a maximum directly at the glass surface,
and decays exponentially into the sample. The advantages of wide-field microscopy are the examination
of many molecules at the same time, but still on the single-molecule level, and the suppression of the

background by TIRF illumination.

Modifications in the wide-field microscope introduced in this chapter and special wide-field microscopy

techniques used in this thesis are introduced and discussed in the following chapters.
3.2.1 Polarization-Resolved Wide-Field Microscopy

In this thesis, a polarization-resolved technique is implemented in a wide-field setup. The linearly
polarized excitation laser beam is cleared up by a linear polarizer and then rotated with the help of a
half-waveplate mounted in a rotatable motorized stage (K10CR1/M stepper motor, Thorlabs). This
combination enables a stepwise rotation of the incoming linearly polarized excitation light by 2« for an
incidence angle of a to the optical axis of the waveplate (Figure 18d). Emitters excited with different
polarizations of the laser beam exhibit differences in their fluorescence intensity time traces (see Figure
6¢ in chapter 2.1.1). If the emitter is freely rotating, the emission will have a constant intensity for all
excitation polarization directions and is called an isotropic emitter. If, on the other hand, the emitter is

fixed in a certain orientation, the fluorescence intensity will exhibit a modulation depending on the
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relative orientation between the excitation polarization and the transition dipole orientation of the emitter.
The modulation is extracted from

M — Imax~Imin (3.1)

Imax+Imin

Here, IL,,,4, is the maximum and I,,;;, the minimum intensity of a modulated trace. In a strong modulating
case (M = 1) the detected intensity reaches a maximum at an orientation where the excitation
polarization matches the transition dipole orientation of the emitter and decreases to a minimum of
nearly O for a perpendicular orientation. If the modulation value is between 0 and 1, the fluorophore is
not completely oriented and fluctuates around its actual position. Using this technique, it is thus possible

to obtain the absorption dipole moment orientation of single fluorophores.
3.2.2 Defocused Imaging

Orientation resolution can not only be obtained by polarization-resolved wide-field microscopy but also
by a technique called defocused imaging. This technique provides information about the 3D orientation
of transition dipole moments and was first introduced with immersion mirror objectives for imaging in a
cryostat at low temperatures.['34'3% |t can be used to extract emission dipole orientations and can be
performed on a common wide-field microscope. Besides the determination of the emission dipole
orientation it is also possible to extract information about the absorption dipole orientation'38], which,

however, is out of the scope of this thesis.

By changing the position of the objective or camera used for detection, the image mapped on the camera
changes as well.['*"-13% |f the sample is in focus of the objective, the mapped image shows diffraction-
limited point spread functions (PSF) representing the emitting molecules. By defocusing the system, the
sample is shifted away from the focal plane, and the coupling of the emission into the detection optics
changes. Thus, the mapped image on the camera does not show the PSFs as in the focused case, but
rather exhibits a defocused image that displays the dye’s emission pattern. A defocusing of 1 ym was
found to be sufficiently good to show the bipolar emission patterns and not too strong to worsen the

signal-to-noise ratio.[139.140]

To excite single dipole emitters with the same probability, a circularly polarized laser beam is used. A
circular polarization can be achieved by the implementation of a quarter-waveplate into the excitation
beam path (Figure 18c). This waveplate can turn linear into circular polarized light and vice versa. In a
defocused image, other than in focused images (Figure 19a), each molecule shows an emission pattern
that contains information about the orientation of its emission dipole (Figure 19b). Thereby, the angle
between the dipole and the optical axis 6 and the in-plane angle ¢ (Figure 19c) can be used to define
the defocused emission pattern and its relative orientation of transition dipole moment to the glass
surface. Simulated emission patterns for a set of dipole orientations are depicted in Figure 19d. From
these simulated images it can be concluded that ¢ rotates the emission pattern in the x-y-plane, whereas
6 is showing more drastic effects, because a rotation out of the x-y-plane is changing the symmetry in

the emission patterns.
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Figure 19: Defocused imaging. Focused (a) and defocused (b) images of a dipole emitter on a glass
surface. (c) Coordinate system with the angle between the dipole and the optical axis 6 and the in-plane
angle ¢. (d) Simulated images of dipole emitters close to a glass interface. (d) Reprinted with permission

from 11381,

The defocused emission patterns of emitters depend for example on the chemical structure, the
surrounding medium, and environmental factors. While a dipole emitter is able to rotate freely in an
aqueous solution, the situation is different in a polymer film. The polymer locks the dye in a certain
position, which then becomes an anisotropic emitter with a two-lobe emission pattern arising from the
emission characteristics as described in chapter 2.1.1. These films will not only lock the dye, but the
thickness of the film also has an impact on the emission patterns.l'38141 Contrarily to the behavior of
fixed dipoles, the isotropic case shows circular emission patterns because it emits in all directions with

the same probability.
3.2.3 Super-Resolution Techniques

Optical imaging systems like light microscopes are limited in their resolution by the diffraction limit
described by Ernst Abbe in 1873.1'421 He found that the minimum resolvable distance d for light of the

wavelength A traveling through a medium is given by
d=— (3.2)

Here, NA is the numerical aperture of the used microscope objective. This limitation makes it impossible
to resolve distances below about one half of the wavelength. This means that distances above the
diffraction limit are resolvable without special techniques (Figure 20a), but at distances below the
diffraction limit two emitters will only be seen as one spot because the PSFs of both emitters overlap,

making it impossible for the distance to be resolved (Figure 20b).
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Figure 20: Blinking in super-resolution microscopy. (a) Two emitters within a distance above the
diffraction limit, which are resolvable. (b) Two emitters at a distance below the diffraction limit, which
cannot be resolved. (c) Sequential blinking of the emitters in (b), with each emitter being localized at a
different time making the distance resolvable. (d) Intensity versus time trace with no intensity for the “off”

and high intensity for the “on” state.

The resolution Ax is inversely proportional to the square root of detected photon number N.
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1
Ax o = (3.3)

Several techniques have been invented throughout the last years to overcome this hurdle of the
diffraction limit, for example technical implementations like STED (stimulated emission depletion), where
the molecule is only excited at its central position by the overlap of an excitation laser with a surrounding
donut shaped depletion laser. An extension of this technique is MINFLUX!43.1441 (minimal photon fluxes),

a combination of structured illumination and single-molecule localization.

A second group of super-resolution techniques is single-molecule localization microscopy (SMLM).
While the techniques based on technical implementations are surface scanning approaches, SMLM is
based on wide-field illumination. These techniques rely on mechanisms to switch molecules between
an “on” and an “off” state. The switching of molecules leads to only one molecule being “on” at a time in
a diffraction-limited volume. This molecule can be localized before the next molecule is switched into
the “on” state and is also localized. Accumulations of these localizations are used to calculate the
diffraction-limited distance between two spots (Figure 20c). The fitting of the PSFs is done with a 2D-

Gaussian model that reproduces the shape of the PSF:

f(x,y) = Aexp <—§<(%)2 + (y;—yy")2>> (3.4)

In equation 3.4, A is the amplitude, xo and yo the center coordinates and o, and g, the standard deviation
of the Gaussian function. A fluorescence transient with signal fluctuations owing to “on” and “off’
switching of fluorescence molecules can be seen in Figure 20d. The “on/off’-switching can be achieved
by different methods, such as STORMI'9! (stochastic optical reconstruction microscopy), where blinking
between the “on” and the “off” state of fluorescent organic dyes is induced by a specific imaging buffer,
or PALMU461471  (photoactivated localization microscopy), which uses photoactivatable or
photoswitchable proteins to induce blinking. A technique that is also counted towards the group of
methods with stochastically blinking molecules is the technique of DNA-PAINT!'8 (points accumulation

for imaging in nanoscale topography), which is explained in more detail in the following chapter.
3.2.3.1 DNA-PAINT

DNA-PAINT is a far-field fluorescence nanoscopy or super-resolution fluorescence microscopy
technique where sub diffraction-limited resolution is achieved by stochastic binding and unbinding of
single DNA strands carrying fluorescent dyes (imager strands).['*®] The advantages of DNA-PAINT are
the independence of photobleaching of fluorescent dyes thanks to a continued strand exchange and the
fact that switching of the molecules does not rely on harsh buffer conditions as required in STORM
experiments. Also, the laser power does not need to be as high as in STED measurements, and no

harmful UV light has to be used.

In DNA-PAINT measurements, a DNA origami structure is modified with protrusions of a specific DNA
sequence of the length of a few base pairs. These specific sequences can bind single stranded imager
strands with a complementary sequence (e.g. 8 bp long) and an attached fluorescent dye (Figure 21a).

The short binding sequence thereby only leads to a transient binding of the imager strands. In the bound



Microscopy Techniques 29

state the fluorophore is assigned to the “on” state, whereas after dissociation of the imager strand the
molecule is in the “off” state. The stochastically binding and dissociation leads to only a few emitters
being in the “on” state at the same time in one imaging frame. Thereby, only one binding event will be
recognized per DNA origami structure. The kinetics of this mechanism can be tuned by the concentration

and the length of the imager strand.

After data acquisition an image reconstruction is performed, where each spot in a frame gets fitted by a
Gaussian function, with the center of the function being the molecules position in the lateral plane. The
framewise integration over the “on” events leads to an accumulated localization of the binding sides and
previously diffraction-limited images (Figure 21b) are reconstructed into super-resolved images (Figure

21c). Distances in the designed sample structure can be extracted from the accumulated spots.
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Figure 21: The principle of DNA-PAINT. (a) Sketch of the DNA-PAINT technique with protruding strands

on the DNA origami structure for imager binding (short single strands with red dye). (b) shows a

diffraction-limited image of the super-resolved image in (c), which illustrates the irregular triangular

pattern of the structure sketched in (a). Scale bar in (b) and (c) is 500 nm.

With the help of DNA-PAINT the best lateral resolution of 6 nm was obtained!'4%% whereas the axial
resolution was pushed down to about 2 nm by the implementation of graphene surfaces that exhibits an

energy transfer to the fluorescing molecules in close proximity with a d# dependency.*3!
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4. Overview of Published Work

4.1 Publication 1: Directing Single-Molecule Emission with DNA Origami-Assembled

Optical Antennas

In the associated publication P1, the influence of a plasmonic nanoantenna on the absorption and
emission characteristics of a fluorescent dye is studied. The influence of nanoparticles on single photon
emitters, like organic dyes, has already been extensively studied.['5152 |t is known that the geometry of
an antenna assembly is important for the coupling efficiency of the dye-antenna system. Also it has
been demonstrated in theoretical studies!''*° as well as in experimentsl?? that the antenna’s main
resonance mode is dominating the emission processes, but a clear visualization of this effect has not

been shown so far.

To address and visualize the effect of plasmonic antennas on the absorption and emission of a
fluorescent dye, DNA nanotechnology is used as a bread board for the dye-antenna assembly. In order
to perform the measurements on a single molecule level, the self-assembled antenna structures are
immobilized on a glass surface. First, a defocused image (Figure 22a and b) is acquired to extract the
emission dipole orientation, and second, a polarization-resolved measurement is carried out for the
extraction of the absorption dipole orientation. To perform the aforementioned measurements, slight
changes in the excitation pathway of a home-build wide-field setup have to be made for both techniques
(see chapters 3.2.1 and 3.2.2).
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Figure 22: Measurements of correlative defocused imaging and polarization-resolved spectroscopy. (a)
and (b) show exemplary defocused images of a single emitter in a DNA origami structure and an emitter
coupled to a plasmonic antenna, respectively. (c) depicts an exemplary transient for the polarization-
resolved wide-field measurements of a dye coupled to a plasmonic antenna. Correlation of the emission
(extracted from b) and excitation dipole orientations (extracted from c) of the dimer structures show good

agreement (d). Reprinted with permission from 3.

The emission dipole orientation is extracted from the defocused images, where attention has to be paid
on the radiation characteristics of a dipole emitter, which is perpendicular to its dipole orientation (also
see section 2.1.1). Fluorescence transients from the polarization-resolved wide-field measurements
show a modulation in the fluorescence intensity signal of a dye coupled to a plasmonic antenna (Figure

22c). The acquired modulating trace provides information about the absorption dipole orientation, which
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is extracted by fitting the modulated values with a cosine-square function and searching for the
maximum. Hence, it is not only possible to illustrate that the emission of a previously isotropic emitter
becomes directional (Figure 22b) through the dye-OA coupling, but also that the absorption transition
dipole (Figure 22c) is affected in a similar way. The isotropy of the single dye in emission can be seen
in the defocused emission pattern of the single dye (Figure 22a) and in absorption in a non-modulating
trace in the polarization-resolved measurement. Apart from a directionality of both transition dipole
moments a co-alignment is also shown (Figure 22d), meaning that the antenna’s main resonance mode

is dominating emission as well as absorption processes.
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41.1 Associated Publication P1

Directing Single-Molecule Emission with DNA Origami-

Assembled Optical Antennas

by

Kristina Hlbner, Mauricio Pilo-Pais, Florian Selbach, Tim Liedl, Philip Tinnefeld, Fernando D. Stefani,

Guillermo Acuna

Published in

Nano Letters, 2019, 19 (9), 6629-6634

The full publication and supporting information are attached in appendix A1.
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4.2 Publication 2: Determining the In-Plane Orientation and Binding Mode of Single

Fluorescent Dyes in DNA Origami Structures

The relative orientations of fluorescent dyes are of great interest in studies like FRET or plasmonic
devices like dipole antennas.['"l Whereas the orientation of bulky elements like gold nanorods can easily
be performed with electron beam lithography!'21%3 or on DNA origami structures!'®+1%9 it is challenging
to control the orientation of single fluorescent dyes. Dyes can be attached in two different ways to DNA
origami structures. The first way is to attach them non-covalently through dye DNA interactions. These
dyes can be separated into groups of intercalators, groove binders and dyes that adhere to the dsDNA
backbone.®* While an orientation control is gained, geometric and stoichiometric control are not given.
The second approach to bind fluorophores to DNA is covalently through linkers. These linkers are often
amino-C6 linkers attached to the 3’- or 5’-end of DNA, or internally. Through this technique a geometric
and stoichiometric control is reached, but it lacks the orientation control of intercalators. Fluorophores
attached to DNA exhibit the ability to rotate freely around their point of linkage if in an aqueous solution.
If measured dried on a surface or embedded in polymer films, this rotational freedom is lost, and the
dyes stick randomly to DNA. The advantage of rotational freedom is also lost in aqueous surroundings
if the dyes interact with DNA. These interactions can result from =—n stacking or hydrogen bond
formation. Although fluorescent molecules have the ability to stick in preferred orientations in DNA,
methods to resolve these orientations do not exist. Hence, in the associated publication P2 a combined
measurement procedure is introduced to analyze the relative orientations of single fluorescent dyes in

DNA origami structures.

To investigate the in-plane orientation of these dyes, the techniques of DNA-PAINT and polarization-
resolved wide-field microscopy are combined in order to extract information about the DNA origami
structure orientation and the orientation of the fluorescent dye in the structure. A patterning on the
rectangular DNA origami structure makes it possible to resolve the orientation of the rectangle on the
glass surface with super-resolved DNA-PAINT images (gray square and line in Figure 23a). Polarization-
resolved wide-field imaging on the other hand shows modulated fluorescence intensity transients. The
spatial orientation ¢ of the dye’s transition dipole orientation can be extracted from these modulated
transients. The relative angle @ of the transition dipole on the DNA origami structures can be calculated
from both extracted orientations. With the help of the aforementioned procedure a set of seven samples
is analyzed, in which on the one hand the molecular surrounding is changed and on the other hand the
fluorescent dye itself is varied. Dyes under study are ATTO 647N (Figure 23d), ATTO 643 (Figure 23e),
a hydrophilic version of ATTO 647N, which is supposed to be less sticky, and the cyanine dye Cy5
(Figure 23f). We find that different orientations can be taken by the fluorophores in slightly modified
environments (sample 1 and 2). In sample 1 (Figure 23c) showing a gap created by two missing
nucleotides adjacent to the fluorescent dye, all dyes have similar orientations (sample 1 in Figure 23d-
f). However, a minor change in the surrounding by closing the previously open gap changes the situation
(sample 2, Figure 23c) , and all dyes now show differences in the overall measured orientation
distributions (sample 2 in Figure 23d-f). While the structural related dyes ATTO 647N and ATTO 643
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still show a similar preferred orientation that peaks at different angles, the Cy5 dye does not show any

tendency in its orientation.
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Figure 23: Measured and simulated dye orientations in two different assemblies with three different
dyes. (a) DNA-PAINT image to extract the DNA origami orientation. (b) Extracted intensity values from
a modulated intensity transient for each excitation polarization, with ¢ being the fluorophore orientation
with dipole moment ;. (c) Sketches of sample 1 and 2 showing the DNA assembly around the
fluorescent dye. (d) Measured and simulated data for the ATTO 647N orientation. (e) and (f) show the
measured orientations for ATTO 643 and Cy5 in the same assemblies as for ATTO 647N. Reprinted

with permission from (159,

Additional molecular dynamics (MD) simulations are used to revisit the measured dye orientations on
the structural molecular level. In order to minimize the computational costs, only small segments of three
short DNA helices with the dye on the middle helix are simulated (similar to Figure 23c). From the MD
simulations, dye orientations are extracted and set into context with the measured orientations. The MD
simulations show that in sample 1 the dyes seem to arrange themselves in the created gap, something
which is also recognized from experimental data, whereas in sample 2 different geometries are visited.
Besides the orientations matching the experimental data, the simulations also yield additional occupied
states. This distribution broadening can be attributed to the short sampling time, which leads to an
incomplete representation of the energy landscape. On the other hand, the simulations help to
rationalize the measured results. The conformational states visited at the measured angles coincide with

possible interactions in the varied geometries of the different samples.
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4.2.1 Associated Publication P2

Determining the In-Plane Orientation and Binding Mode of

Single Fluorescent Dyes in DNA Origami Structures

by

Kristina Hibner, Himanshu Joshi, Aleksei Aksimentiev, Fernando D. Stefani, Philip Tinnefeld,

Guillermo P. Acuna

Published in

ACS Nano, 2021, 15 (3), 5109-5117

The full publication and supporting information are attached in appendix A2.
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4.3 Publication 3: Salt-induced Conformational Switching of a Flat Rectangular DNA

Origami Structure

A plethora of controlled and stochastic fluctuating structures have been implemented in different fields
of science. The movements of these flexible structures are often actuated by specific structural motifs.
The controlled switching of a hinge-like DNA origami structure, for example, could be controlled by
strand displacement reactionsl’? or changes in salt concentration.['] Furthermore, robotic arms
responding to external electric fields have been introduced.l”® The stability of DNA origami structures
as well as several of the flexible elements of the systems highly rely on salt identity and concentration.['%8]
First studies have shown that the measured distances in a DNA-PAINT experiment on a rectangular
DNA origami structure vary for different salt concentrations. It has been found that the long distance on
the rectangle stays nearly constant, while the diagonal distance decreases for a change in salt
concentration from 0 to 500 mM MgClI..[5% In addition, other studies have demonstrated that different

salts can occupy different places in a DNA double helix['%°16% or DNA origami structure(®2161],

In the associated publication P3 the impact of the concentration of bivalent cations on a 2D DNA origami
rectangle (NRO) is studied in detail. To this end, the NRO is modified in two different ways and
investigated from medium (12 mM) up to high (1000 mM) salt concentrations of MgClz and CaClz. In the
first assay, a DNA-PAINT experiment is performed (Figure 24a and b). For this purpose, DNA-PAINT
binding sequences are attached on both long edges of the NRO to bind imager strands. An analysis of
the distance between the two resolved lines at increased salt concentrations reveals a reduction in the
measured distances (Figure 24c) and nicely reproduces the aforementioned studies/®®l. Besides the
size-reduced NROs, DNA origami structures, which seem to be collapsed (visualized by only one line
in the SR images and indicated by yellow arrows in Figure 24b) are also present. To further investigate
these DNA origami structures and answer the question of underlying dynamics in these systems, an
energy transfer assay is designed on the same structure. In this assay, the energy transfer occurs
between a red fluorophore (ATTO 647N) in one corner of the NRO and a 10 nm gold NP attached in the
central region of the NRO. In order to only focus on structures with the complete energy transfer
assembly, a green dye (ATTO 532) underneath the NP reports on NP binding. The fluorescence lifetime
of the dyes is extracted with the help of FLIM, and a quenching in fluorescence intensity and lifetime
can be related to a movement of the dye and therefore the whole NRO. This quenching is observed in
fluorescence lifetime images in a salt-exchange experiment showing a reversibility in the quenching
effect (Figure 24d). A more detailed analysis to resolve dynamics of the systems is performed in a salt-
titration experiment (12—1000 mM MgClz) with the recording of single-molecule transients. Furthermore,
the titration experiment reveals how the structure behaves at intermediate salt concentrations. The same
experimental procedure is repeated for the bivalent cation calcium. This ion shows stronger affinity to
DNA, and an earlier occupation of the quenched fluorescence lifetime state is expected. This
expectation is confirmed by measurements (Figure 24e). Furthermore, the data illustrates that the ATTO
647N does not slowly approach the NP but that a two-state system of the NRO is present. The two
states are assigned to a flat (Figure 24f) and a rolled-up (Figure 249) geometry of the NRO, whereby
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the rolled-up geometry is stabilized by the high concentration of the bivalent ions that bridge the two

opposing sides of the NRO.
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Figure 24: Super-resolved DNA-PAINT images and fluorescence lifetime quenching in a dynamic DNA
origami assembly at different salt concentrations. Super-resolved DNA-PAINT images of the NRO
labeled at the long sides at 12 mM MgCl. showing two parallel lines (a) and at 500 mM MgCl2 with a
significant fraction of structures showing one line (marked by yellow arrows; b). (c) Measured distances
between the two parallel lines indicating a decrease with an increased MQgCl> concentration. (d)
Consecutive fluorescence lifetime images of the same area at 12, 1000 and 12 mM MgCl: to
demonstrate the changes in the fluorescence lifetime and the recovery of the original system. (e) Results
from titration experiments for Mg?* and Ca?* ion concentrations showing the fractions of long and short
fluorescence lifetimes to illustrate the changes between the different concentrations. Data is taken from
fluorescence lifetime transients for several single structures. (f) shows the flat geometry associated with
the parallel lines and a long fluorescence lifetime in DNA-PAINT and FLIM images. (g) Rolled-up
geometry of the rectangular DNA origami structure associated with one line and a short fluorescence
lifetime in (b) and (d).

Both measurements show that a structural change in the flat NRO takes place with increasing salt
concentrations. Additionally, calculations are performed to reveal the rolling-up axis in the NRO, which

can be along the DNA helices or diagonal on the DNA origami rectangle.
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4.3.1 Associated Publication P3

Salt-Induced Conformational Switching of a Flat Rectangular
DNA Origami Structure

by

Kristina Hibner, Mario Raab, Johann Bohlen, Julian Bauer, Philip Tinnefeld

Published in

Nanoscale, 2022, 14, 7898-7905

The full publication and supporting information are attached in appendix A3.
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5. Conclusion and Outlook

The thesis shows that dye orientations play an important role in fluorescent dye-OA assemblies.
Depending on the relative orientation with respect to the OAs axis, the fluorophore experiences a strong
fluorescence enhancement or nearly complete suppression. As the fluorophore’s orientation plays a
decisive role in OA coupling, an assay is developed to report on the relative orientation of a fluorophore
in a DNA origami structure. With the help of this assay, orientations of different fluorophores are
extracted in a rectangular DNA origami structure in various nano-environments. Not only fluorophores
in DNA origami structures can be caught in preferred orientations but also dynamic DNA structures, like
Holliday Junctions. In these junctions it is neither the immediate surrounding of DNA nor the chemical
structures that are the driving forces for structural changes, but bivalent cations that can bridge DNA
helices inducing long-lived salt-nucleic acid interactions. Salts have also been shown to be inevitable to
contribute to the stability of DNA origami structures. So it has been further illustrated that strongly
elevated concentrations of bivalent cations can substantially impact the geometric conformation of a

rectangular DNA origami structure.

Publication P1 analyzes how an OA is directing the absorption and emission of a single coupled
fluorophore. To this end, a red fluorescent dye is coupled to an OA in order to study the effect of the
antenna on the absorption and emission directionality. For this purpose, the coupled system is compared
to a DNA origami structure with only the dye incorporated. To extract the information about the dipole
orientations, polarization-resolved wide-field measurements and defocused imaging are used to obtain
the absorption and emission dipole orientations, respectively. Both measurements are performed for the
reference sample and the coupled dye-OA system revealing that both absorption and emission dipole
orientations are rotationally free in the reference and become anisotropic in the coupled system. A
correlation between both extracted dipole orientations shows a good alignment. It can be concluded
from these experiments that the main resonance mode of the OA is directing the absorption and
emission of a coupled dye through efficient dye-antenna coupling in a parallel orientation and a
quenching in the perpendicular orientation of the dye to the OA’s axis. Using these studies as a basis,
more complex systems could be engineered like nanoantenna systems for color routing('2-16% and
directional emission. Color routing could, for example, be achieved with bimetallic dimer antenna
systems!'66-1691 While bimetallic antennas show the ability to route light of different wavelength into
different directions (Figure 25a and b), trimer gold structures!'” or constructed Yagi Uda
antennas!®125171.172] could serve as directors (Figure 25¢). DNA functionalization of gold and silver NPs
as well as fluorescent dyes linked to single stranded DNA allow the assembly of such a bimetallic
antenna on a DNA origami structure. To build the color routing assembly, a silver and gold NP can be
bound on a DNA origami structure with a green—red FRET pair in the hot spot region. If the antenna is
illuminated with a green laser, the green dye transfers energy to the red dye and the emission is then
directed by the asymmetric antenna in direction of the Au NP (Figure 25a). After acceptor bleaching, the
green dye is fluorescing and the emission light is guided into the Ag NP direction (Figure 25b). Another
way to switch between dyes would be to use chemical adducts that induce blinking, similar as in super-
resolution localization microscopy.'”3174 Alternatively, dyes showing the ability of spectral shifts could

be employed.['"%178] Thus, if measured with the defocused imaging technique, the emission patterns
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should change during the measurement indicating the bleaching/switching process of the dyes and the

routing ability of the bimetallic antenna.

a green excitation, with FRET b green excitation, after acceptor bleaching C  Yagi-Uda antenna
FRET - - -
e
1T .k [ [ ) )

Figure 25: Sketches of different color routing assemblies. Color routing in a bimetallic antenna built from
a silver and gold NP with a FRET pair in the hot spot region. (a) Green excitation leads to FRET from
the green to the red dye and to red emission in direction of the gold NP, and (b) after acceptor bleaching
the emission gets routed into the direction of the silver NP. (c) Constructed Yagi-Uda antenna to direct

the emission of a coupled fluorescent dye.

Another assembly that could be realized on DNA origami structures is the construction of a Yagi-Uda
antenna built from gold nanorods and a fluorophore (Figure 25c). This fluorophore needs to be
positioned close to the nanorod in front of the reflector (last, largest nanorod), also named the feed
element, to guide the fluorescence signal towards the smaller nanorod elements, called directors. A
combination of the discussed routing and directionality of emitted fluorescence signals could offer the
opportunity to build optical computing systems with single elements that are able to “talk” to each other

via fluorescence light signals.

As the orientation of the fluorescence molecules in, for example, OA assemblies is so important,
publication P2 introduces a method for measuring preferred orientations of fluorophores in a rectangular
DNA origami structure. In order to extract the orientations, two measurement techniques are combined:
DNA-PAINT to extract the lateral orientation of the DNA origami structure and polarization-resolved
wide-field imaging, which enables the determination of the lateral orientation of the fluorescent dye. The
relation between both angles gives the relative orientation of the dye in the DNA origami structure. Three
red dyes (ATTO 647N, ATTO 643 and Cy5) are studied in different nano-environments, so in total seven

different configurations are analyzed with regard to their preference to take fixed orientations.

It has been found that the close nano-environment has a strong impact on the dyes’ preferred
orientations in the DNA origami structure. Thus, in the sample in which two base pairs in the DNA helix
adjacent to the fluorophore’s position are left out (sample 1 described in chapter 4.2), all three dyes
orient themselves in a the created gap and show similar orientation distributions. After closing this gap
(sample 2 described in chapter 4.2), the structural identity of the dyes itself plays an important role, and
different orientations are taken in the DNA origami structure. This is shown by the fact that structurally
similar dyes (ATTO 643 and ATTO 647N) have the same orientations, whereas a structurally different
type of dye (Cy5) yields different orientation distributions. Some of the measured orientations are
reproduced at the molecular level by MD simulations. The simulations help to identify the geometric and
structural arrangement of the dyes in the DNA origami structures. However, the MD simulations have

some limitations, for example the short sampling time. The short time of 1 us is not sufficient to represent
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the complete energy landscape. Also, a clear parametrization of the interaction between dyes and DNA
is not given, which could lead to further uncertainties. To validate both the measured and simulated
orientations, both values are compared. So on the one hand it is analyzed if the orientations measured
are also visited in the MD simulations, and on the other hand the corresponding structures from MD
simulations are set into context. Through the variations made in the sample design, different binding
states can be occupied by the dyes. A comparison of the orientations in experiment and simulation of
all these dyes and states shows that the orientations from MD simulations are reasonable in the context
of the measurements. As the measurements taken within the framework of this thesis are limited to a
selection of red fluorescent dyes, these studies could be extended to a broader range of dyes in the red
but also to other wavelength regimes. In addition to extending the studies to a broader range of dyes,
the surrounding environment could also be studied in greater detail. Thus, different base pair
combinations in the direct vicinity of the fluorescent dye could possibly affect the orientation. Also, a
more detailed study of the effect of varying positions (e.g. close to a cross over) and types of linkage
(3’-, 5'-, or internal-link, different linker length) could be interesting.l'””! A more in-depth and extensive
analysis of these parameters would allow the assembly of FRET pairs or OA systems with controlled
dye orientations, making them extremely efficient as the interactions are dependent on the dipole

orientations.

As mentioned above, the energy transfer in FRET assemblies is highly dependent on the relative
orientations between the involved dyes. Figure 26 exemplarily shows the distance-dependent FRET
efficiency for the orientation factors x? = 2/3 and k2 = 4. In a head-to-tail arrangement x?2 is at maximum
(4), but for assemblies linked to DNA and studied in an aqueous surrounding, the dyes are assumed to
rotate freely, and an average «? of 2/3 is used for the calculation of the energy transfer efficiency.® The
change of the orientation factor also leads to a change of the energy transfer efficiency. The distance
showing an energy transfer of 50% (do) for an ATTO 542-ATTO 647N FRET pair, for example, would
change from 6.3 nm to 8.5 nm for the rotational free and the aligned case, respectively. This means that

not only the energy transfer efficiency changes at a defined distance but also the working range.
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Figure 26: Dipole orientations in a FRET assembly. A head-to-tail and rotational free orientation of
interacting dipoles with different orientation factors (kx?) are shown. Depending on the orientation factors,
the do value changes foran ATTO 542-ATTO 647N FRET pair, with the value being larger for the dipoles
fixed in a head-to-tail alignment as compared to that of the free rotating dipoles. (Values calculated on

fpbase.org)
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If the parameter of the relative orientations in FRET assemblies can be controlled through a defined
modeling of the molecular surrounding to keep the dyes fixed, it is possible to not only create efficient
two-color FRET pairs but also to improve photonic wires!'”8-182 that are based on energy transfer

between dyes assembled in a linear arrangement.

Arranging transition dipoles of fluorescent dyes in DNA origami structures is still a formidable challenge
since it includes the study of dyes in different environmental surroundings that vary depending on the
dye’s position. So it might also be interesting not only to focus on dyes attached via one linker to the
DNA strand, but to study doubly linked dyes in more detail. These can be set under tension so they take
defined orientations that might not depend on the direct molecular surrounding. However, there is an
easier way to improve FRET measurements in DNA origami structures that could be achieved by using
the technique in this thesis. If the orientation of both dyes could be measured before the FRET pair is
assembled, an accurate orientation factor could be extracted. This would help to later calculate more

precisely the distance measured via FRET.

Unlike in FRET studies, in OA assemblies the relative orientation of a dye in a dimer construct of two
NPs is important (see discussion in chapter 2.2.3). Thus, if it were possible to align a fluorophore to the
OA’s axis, this would lead to the strongest possible coupling and fluorescence enhancement. The ability
to control the orientation of fluorophores in OAs would result in a high fluorescence enhancement factor
and narrow distributions. So, a broadening in the distributions would most probably emerge from an
inhomogeneity in the NP’s shape because large particles show facets and varieties in their diameter.
This factor, in turn, could be controlled by the use of ultrasmooth spherical NPs!'8! (which are discussed
in publication P1). When these two factors are under control, only the accuracy of the gap size and the
exact positions of the NPs and the dye can lead to uncertainty and distribution broadening. However,

the gap size and NPs’ positions should be controlled by the use of DNA origami structures.

The last part of the thesis introduced in chapter 4.3 and discussed further in the associated publication
P3 covers the influence of high bivalent ion concentrations on a 2D rectangular DNA origami structure.
With the help of DNA-PAINT measurements, structural changes in the rectangular DNA origami
structure are revealed, which on the one hand show compacted versions of the two designed parallel
lines. This structural change was already shown in previous studies which observed that the long and
diagonal distances on the DNA origami rectangle measured by DNA-PAINT showed changes from
normal (12 mM) to high (500 mM) salt concentrations.’®3l On the other hand, however, there are also
structures showing only one line in the super-resolved images. In order to study these structures in
greater detail, an energy transfer assay is designed on the same DNA origami structure. This energy
transfer based on a 10 nm gold NP and a red fluorescent dye (ATTO 647N) can report on structural
changes due to a quenching of the fluorescence intensity of the red dye. This quenching occurs when
the dye approaches the NP. With confocal fluorescence lifetime imaging it is possible to observe
structural changes and even a dynamic switching between two states. The structural change is assigned
to a rolling-up of the rectangular DNA origami structure into a tube-like shape, which is further proven
by theoretical distance calculations and correlations with fluorescence lifetime values at different dye-
NP distances of previously published studies!'®. Furthermore, it is shown that the structural change in

the rectangular DNA origami structure is a reversible process recovering the original non-quenched
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fluorescence lifetime state after a salt exchange from 1000 mM to 12 mM of Mg?*. Additionally, it is
proven that the mechanism is not only prone to the concentration of magnesium ions but that calcium
ions can induce the same effect. While the two-dimensional DNA origami structure shows a rather strong
response to the concentration of bivalent cations, the same effect is not observed for three-dimensional
structures. The studied structure is built from many parallel and stacked helices, which provides a high
robustness. Thus, high concentrations of bivalent ions do not show a strong influence. These findings
again show the importance of ions in stabilizing DNA origami structures. With this knowledge, DNA
origami structures could be more compacted so they are more robust in assays where a high stiffness
of the structures is needed. It is furthermore recognized that after a buffer exchange from magnesium
to calcium (or vice versa) and a subsequent salt titration with the exchanged ion, DNA origami structures
are only weakly or not responding to the increased salt concentrations. This could be attributed to some
kind of memory effect, meaning that ions stay bound to the DNA origami structure and are not completely
washed out. This finding is important, as folding DNA origami structures works best with magnesium
ions, but in some experiments these ions should be removed and replaced by different kinds of ions. If
the incubation of the new measurement buffer is not long enough or washing steps are not executed
carefully, magnesium ions, for example, could stay attached to the DNA origami structure. This work
proves that there is no need of special motifs like joints or hinges to build switchable DNA origami
structures and that the addition of bivalent cations at high concentrations can be used as an actuating
mechanism. Usually strand hybridization and displacement reactions are practiced to switch DNA
origami structures, where relatively long incubation times are needed. In the presented work, the
reaction time is very fast, and first structural changes can be monitored directly after the addition of high

salt concentrations.

This thesis covers the interactions between fluorescent dyes and plasmonic NPs and fluorescent dyes
and close nano-environments as well as the effect of cations on a DNA origami structure. In order to
study these kind of interactions, three single-molecule assays are developed within this thesis. The
introduced measurement procedures set out the basis for a couple of new measurements. The
combination of polarization-resolved wide-field imaging and defocused imaging enables the
measurement of the absorption as well as the emission dipole orientations in the same molecules. These
methods can help to also investigate and understand more complex assemblies, for example in
prospective optical computing systems, to reveal the principles in the single elements. Polarization-
resolved wide-field imaging in combination with the DNA-PAINT super-resolution technique, on the other
hand, offer possibilities for broad studies on molecular orientations of fluorescent dyes in DNA origami
structures. An advantage of the performed measurements is that the orientations of the DNA origami
structures as well as the orientations of the helices in the structures and the angles of the attached
fluorescent dyes can be determined. In combination with MD simulations, even insights in the molecular
orientations of the dyes in the DNA origami structures can be revealed. The presented assay could help
to make FRET measurements and distance calculations more accurate. Lastly, by combining DNA-
PAINT measurements and scanning confocal lifetime imaging, it is possible to not only gain structural
information of DNA origami structures but also to observe dynamic systems, thus reaching a high
structural and temporal resolution in two and three dimensions. Conclusively, this work reports on new

single-molecule assays to be adopted in fluorescence microscopy research. These assays serve to
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understand and design fluorescence color routing and optical communication circuits. Dye orientation
control and analysis can help to create photonic nanowires and improve FRET calculations. In addition,
the fortuitous finding of switchable two-dimensional DNA origami structures at increased salt
concentrations without the use of special motifs is made. This assay demonstrates the binding of

different cations and introduces an actuating mechanism in switchable DNA origami structures.
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6. List of Abbreviations

A adenine

AFM atomic force microscopy

AOTF acousto-optical tunable filter

APD avalanche photo diode

BSA bovine serum albumin

bp base pairs

DNA deoxyribonucleic acid

C cytosine

EMCCD electron multiplying charge-coupled device
EOM electro-optical modulator

exc. excitation

FE fluorescence enhancement

fl. fluorescence

FLIM fluorescence lifetime imaging microscopy
FRET Forster-resonance-energy-transfer

G guanine

IC internal conversion

IRF instrument response function

ISC intersystem crossing

LSPR localized surface plasmon resonance
MD molecular dynamics

MINFLUX minimal emission fluxes

NIR near infrared

NP nanoparticle

nr non radiative

OA optical antenna

PAINT points accumulation for imaging in nanoscale topography
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PALM
phos
PMD

PSF

ROX
SMFM
STED

STORM

TCSPC
TIRF

uv

photoactivated localization microscopy
phosphorescence

photonic mode density

point spread function

radiative

reducing and oxidizing

single-molecules fluorescence microscopy
stimulated emission depletion

stochastic optical reconstruction microscopy
thymine

time correlated single photon counting
total internal reflection

ultraviolet
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Figure 1: Antennas in the radio/micro wave regime and in the nanoscale. Antennas can act as
receivers (a) or as transmitters (b) corresponding to absorption and emission processes in the
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Figure 2: Dimer antenna structures. (a) Lithographically produced bowtie antenna surrounded by
fluorophores in aqueous solution (adapted from ['%). (b) DNA hybridized gold nanoparticle dimer
antenna with an attached fluorophore (adapted from ?). (c) and (d) DNA origami structures as
bread boards to build different kinds of dimer antennas with controlled gap size and a fluorophore
in the hot spot region (adapted from ['3 and ['¥). All antenna structures can be immobilized on a
glass surface for Single-molecule STUTIES. ..............c.ooiiui i 4

Figure 3: Dipole orientations in OA and FRET assemblies. Normalized quantum yield of Cy5 in an
OA at parallel and perpendicular orientations in dependence of the excitation wavelength (a).
Different dipole orientations in FRET (b) yield individual orientation factors (k2). In a head-to-tail
aligned case, k2 is 4, parallel to each other it is 2, and in a perpendicular orientation it is 0. (a)
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Figure 4: Distance changes in a rectangular DNA origami structure (NRO) due to the increase of
MgCl: concentration. Distances on the DNA origami structures are measured along the long side
and the diagonal showing a decrease and a nearly continuous distance, respectively. Reprinted
WIth PEImISSION frOMI 03], . ... ... oottt ettt et e et et e e e eteeeaee e 8

Figure 5: Jablonski diagram and excitation/emission spectra of ATTO 647N. (a) Jablonski diagram
showing the processes during fluorescence. The singlet states So and S1 as well as a triplet state
T+ with rotational levels are involved in the ftransitions. These ftransitions, i.e. the
excitation/absorption process (blue) with its rate constant kexc, the emission/fluorescence process
(red) with the rate constant ks, and the phosphorescence (green) with kpnos, are radiative processes.
The internal conversion (light grey), the non-radiative decay (dark grey) with knr, and intersystem
crossing (orange) with kisc are non-radiative processes. (b) Exemplary absorption (blue) and
emission (red) spectra of the ATTO 647N dyelfZl. .. ...........ccooe oot 11

Figure 6: Dipole character of a fluorescent dye. (a) Molecular structure of ATTO 647N with an arrow
illustrating the transition dipole moment . (b) Electric field vectors created around an electric
dipole. (c) Schematic of the emission intensity of a fixed fluorophore (red arrow) by linear polarized
light (black arrow) of different relative orientations to the emitter................ccccccoocvoiiiiieniiiienene 12

Figure 7: Emission of a dipole emitter. Aqular power radiation in a homogenous medium (a) and close

to a water-glass interface with a vertically (b) and horizontally (c) oriented dipole. (Adapted from

Figure 8: Modified Jablonski diagram for ROX system, oxygen scavenging reaction, and trolox
conversion. (a) Jablonski diagram showing the excitation (blue) and emission (red) process with
additional pathway (orange) to the triplet state T+ from where reduction (dark gray) and oxidation
(light gray) through transient radical states (F- and F*) occur. (b) Reaction of glucose with glucose
oxidase and catalase for oxygen scavenging. (c¢) Conversion of trolox to trolox quinone by UV
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Figure 9: Spherical gold and silver nanoparticles of different sizes exhibit different colors in
solution. Adapted from [103] ... ..ottt 15
Figure 10: Oscillating NPs and decay processes in NPs after light irradiation. (a) In-phase
oscillation of the electron gas in a metal nanoparticle with the electric field of a propagating
electromagnetic wave. (b) Surface plasmons can decay radiatively by the emission of a photon or
non-radiatively by building electron-hole pairs through interband and intraband transitions from the
d-band to the conduction band or within the conduction band. (Adapted from [%9) ..................... 15
Figure 11: Plasmon mode hybridization and electric field enhancement. (a) Plasmon mode
hybridization of two close-by gold NPs. + and — indicate the dipole oscillation direction. Depending
on the oscillating mode of each NP, different combinations of bonding and antibonding modes
occur. Only states marked with a star are optically active. (b) Electric field intensity of a 100 nm Au
NP dimer with an interparticle distance of 12 nm at an excitation wavelength of 640 nm. The

excitation propagates in z direction and is polarized along x. Reprinted with permission from 22,

Figure 12: Jablonski diagram for NP-dye coupling and rate constant changes of a dye. (a)
Jablonski diagram of an organic dye molecule situated close to a plasmonic NP showing the rates
influenced by the NP. Fluorophore situated at a distance z to an 80 nm gold nanopatrticle excited
with a wavelength of 650 nm. (b) Excitation rate enhancement (red) and quantum yield (blue), (c)
emission rate enhancement as function of the dye NP separation z. Solid lines represent exact
results and dashed lines are approximations. (b) and (c) Reprinted with permissions from %2 and
BB ettt ettt ettt ettt e ate ettt ete e teate e e teate et e ate et eateeteeteateeraenteareereareans 18

Figure 13: Dye-NP coupling illustrated by image charges and quantum yield changes. Image
charges (black arrows) in a gold NP dimer induced by the dipole moment of a fluorescent dye (red
arrow) with parallel/radial (a) and perpendicular/tangential (b) orientation to the dimer axis. (c)
Simulated quantum yield of a single emitter in monomer and dimer NP structures as a function of
the NP’s diameter. Values are normalized to the quantum yield of 0.65 for ATTO 647N. (c)
Reprinted with permiSSion from 1], . .......cc.oo oot 19

Figure 14: Molecular structure of DNA. (a) B-DNA double helical structure with a major and a minor
groove. One whole turn is reached after 10.5 base pairs (bp), and the distance between two
adjacent base pairs is 3.4 nm. (b) Structural composition of the DNA base pairs and DNA sugar
phosphate backbone. Thymine (green) and adenine (red) as well as cytosine (blue) and guanine
(orange) build base pairs via hydrogen BONAS. ...t 20

Figure 15: DNA origami folding and functionalization properties. (a) Folding process of a DNA
origami structure. A circular single stranded scaffold strand (black) is folded by short single
stranded staple strands (blue) with the help of a temperature gradient into the predefined shape
(here: rectangular structure). (b) Atomic force microscopy (AFM) image of folded rectangular DNA
origami structures. (c¢) Immobilization of DNA origami structures on a functionalized glass surface
with BSA via biotin and neutrAvidin, attachment chemistry of a fluorophore to a DNA staple, and
binding of gold NPs via DNA RybridiZation. ...............ccccouiiiiiiiiiiii e 21

Figure 16: Scheme of the confocal setup used in this thesis. The excitation path is illustrated by a

blue line, emission by a red/orange line. Electric connections are visualized by black lines. ....... 23
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Figure 17: TCSPC in confocal microscopy. (a) Schematic of the TCSPC principle. A sample is excited
with a laser that sends an electric signal to the TCSPC module to start. The emission is detected
by an APD, which sends a stop signal to the TCSPC module. The time between both pulses is
plotted in a histogram. The single events of emission occur at different delay times At to the
excitation pulse (b). All of these 1-N events sum up in a histogram which resembles the waveform
of the decay time (c). Here, a fluorescence decay of ATTO 647N is shown. ...........ccccceveueeennnee. 24

Figure 18: Scheme of the wide-field setup used in this thesis. Sketch of the wide-field setup (a) and
the special illumination mode of TIRF (b). Working principles of a quarter-waveplate (c) and a half-
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Figure 19: Defocused imaging. Focused (a) and defocused (b) images of a dipole emitter on a glass
surface. (c) Coordinate system with the angle between the dipole and the optical axis 6 and the in-
plane angle ¢. (d) Simulated images of dipole emitters close to a glass interface. (d) Reprinted with
PEITMISSION TrOM [138 o ettt ettt ettt e e et e et e e ateeteenteesree e 27

Figure 20: Blinking in super-resolution microscopy. (a) Two emitters within a distance above the
diffraction limit, which are resolvable. (b) Two emitters at a distance below the diffraction limit, which
cannot be resolved. (c) Sequential blinking of the emitters in (b), with each emitter being localized
at a different time making the distance resolvable. (d) Intensity versus time trace with no intensity
for the “off” and high intensity for the “on” State. ... 27

Figure 21: The principle of DNA-PAINT. (a) Sketch of the DNA-PAINT technique with protruding
strands on the DNA origami structure for imager binding (short single strands with red dye). (b)
shows a diffraction-limited image of the super-resolved image in (c), which illustrates the irregular
triangular pattern of the structure sketched in (a). Scale bar in (b) and (c) is 500 nm. ................. 29

Figure 22: Measurements of correlative defocused imaging and polarization-resolved
spectroscopy. (a) and (b) show exemplary defocused images of a single emitter in a DNA origami
structure and an emitter coupled to a plasmonic antenna, respectively. (c) depicts an exemplary
transient for the polarization-resolved wide-field measurements of a dye coupled to a plasmonic
antenna. Correlation of the emission (extracted from b) and excitation dipole orientations (extracted
from c) of the dimer structures show good agreement (d). Reprinted with permission from ['3. .. 30

Figure 23: Measured and simulated dye orientations in two different assemblies with three
different dyes. (a) DNA-PAINT image to extract the DNA origami orientation. (b) Extracted
intensity values from a modulated intensity transient for each excitation polarization, with ¢ being
the fluorophore orientation with dipole moment uG. (c) Sketches of sample 1 and 2 showing the
DNA assembly around the fluorescent dye. (d) Measured and simulated data for the ATTO 647N
orientation. (e) and (f) show the measured orientations for ATTO 643 and Cy5 in the same
assemblies as for ATTO 647N. Reprinted with permission from %01, . .........c.ccccoveviieivcnecnann. 34

Figure 24: Super-resolved DNA-PAINT images and fluorescence lifetime quenching in a dynamic
DNA origami assembly at different salt concentrations. Super-resolved DNA-PAINT images of
the NRO labeled at the long sides at 12 mM MgCl. showing two parallel lines (a) and at 500 mM
MgCl: with a significant fraction of structures showing one line (marked by yellow arrows; b). (c)
Measured distances between the two parallel lines indicating a decrease with an increased MgCl2

concentration. (d) Consecutive fluorescence lifetime images of the same area at 12, 1000 and
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12 mM MgCl: to demonstrate the changes in the fluorescence lifetime and the recovery of the
original system. (e) Results from titration experiments for Mg?* and Ca?* ion concentrations showing
the fractions of long and short fluorescence lifetimes to illustrate the changes between the different
concentrations. Data is taken from fluorescence lifetime transients for several single structures. (f)
shows the flat geometry associated with the parallel lines and a long fluorescence lifetime in DNA-
PAINT and FLIM images. (g) Rolled-up geometry of the rectangular DNA origami structure
associated with one line and a short fluorescence lifetime in (b) and (d). ........ccccccovivoiiiiienennnne 37
Figure 25: Sketches of different color routing assemblies. Color routing in a bimetallic antenna built
from a silver and gold NP with a FRET pair in the hot spot region. (a) Green excitation leads to
FRET from the green to the red dye and to red emission in direction of the gold NP, and (b) after
acceptor bleaching the emission gets routed into the direction of the silver NP. (c) Constructed
Yagi-Uda antenna to direct the emission of a coupled fluorescent dye. ..........cccccceevveeviiccivennnn... 40
Figure 26: Dipole orientations in a FRET assembly. A head-to-tail and rotational free orientation of
interacting dipoles with different orientation factors (k2) are shown. Depending on the orientation
factors, the do value changes for an ATTO 542-ATTO 647N FRET pair, with the value being larger
for the dipoles fixed in a head-to-tail alignment as compared to that of the free rotating dipoles.
(Values calculated 0N fPDASE.0IQ) .....ccoiiuuiiiiiiiiiie ittt 41
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ABSTRACT: We demonstrate the capability of DNA self-
assembled optical antennas to direct the emission of an Fluorophore Fluorophore
individual fluorophore, which is free to rotate. DNA origami is + Antenna
used to fabricate optical antennas composed of two colloidal

gold nanoparticles separated by a predefined gap and to place a

single CyS fluorophore near the gap center. Although the

fluorophore is able to rotate, its excitation and far-field emission (8x
is mediated by the antenna, with the emission directionality i
following a dipolar pattern according to the antenna main

resonant mode. This work is intended to set out the basis for

manipulating the emission pattern of single molecules with self-

assembled optical antennas based on colloidal nanoparticles.

KEYWORDS: plasmonics, nanophotonics, metallic nanoparticles, DNA origami, optical antennas

ptical antennas (OAs)' represent the counterparts of elements, as well as combining different materials, is
radio- and microwave antennas within the visible challenging. Finally, it is virtually impossible to position single
spectrum. Essentially, OAs are built from metallic nano- photon emitters with controlled stoichiometry in the near-field
particles (NPs) whose localized surface plasmo? resonances of the OAs with nanometer precision.l
enable the control of ]lght fields at the nanoscale.” OAs can be The advent of the DNA origami |:e(;}'mic1ueH opened up new
engineered to manipulate the photophysical behavior of single pathways for nanophotonics” ' as colloidal metallic NPs

photon emitters such as organic fluorophores or quantum dots
placed in their vicinity.’ Pioneering examples are the “bow tie”
OAs used to demonstrate enhancement of the fluorescence
intensity of organic dyes placed at the hotspot between the
gold elements* and the monopole, and “Yagi-Uda” OAs used
to demonstrate directionality in the emission of single
emitters.”” These examples share the fabrication approach
based on electron beam lithography. Generally, top-down
nanofabrication techniques such as e-beam lithography or ion
beam milling offer great geometrical design versatility, but they

could be self-assembled in a parallel manner to form OAs.
Furthermore, single photon emitters could be positioned in the
near-field of OAs with nanometer precision and stoichiometric
control. Following this approach, the performance of OAs
could be revisited at the single-molecule level with higher
geometrical control and more robust statistics,' ~*" including
their influence on the photophysical behavior of single photon
emitters, such as the electronic transition rates,”’ photo-
stability,:l fluorescence resonance energy transfer

also exhibit shortcomings. They are serial, which limits their (FR'ET)’:L v surface-enhanc_ed Rama_n s.catteg(l;mg,'(' * strong
throughput. The 3D fabrication and organization of (antenna) coupling,”™ and super-resolution localization.

elements is difficult and limited to some degree of rotation of

the sample with respect to the beam. There exist limitations to Received: July 15, 2019

the quality and number of materials that can be used and Revised:  August 20, 2019

combined. As a result, attaining OAs made of monocrystalline Published: August 26, 2019
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DNA origami has turned out to be extremely efficient to
organize NPs on nanometric geometries with high degree of
positional and orientational control.’"** The situation is
different for single photon emitters. Whereas their position
can be controlled well, orienting them over predefined
directions in DNA origami remains an open challenge.” ™
In order to incorporate single fluorophores to DNA origami
structures, they are attached to the backbone or a base of a
short single-stranded DNA, hereafter termed “staple”, which
later binds to its complementary sequence on the DNA
scaffold strand. One fluorophore can be bound to one or two
staples through single or double linkers, respectively.”’
Fluorophores integrated into DNA origami structures can
exhibit a variety of behaviors, from free to rotate over fixed in
an undefined orientation to confined in orientation, depending
on their coupling chemistry, molecular structure, charge, and
immediate surrounding environment.”’

In this contribution, we investigate the emission directivity
of rotating single fluorophores coupled to OAs. Cy$
fluorophores incorporated to DNA origami structures as
shown in Figure 1A, which are able to rotate, do not present
any directionality in excitation or emission. In contrast, in the
presence of a dipolar OA, both their excitation and emission
are enhanced and become directional according to the antenna
mode.

A schematic of the OA-CyS fluorophore system is shown
Figure 1A. A two-layered, rectangular DNA origami sheet with
a size of ~50 nm X 60 nm X 5 nm is used to accommodate
two ultrasmooth spherical Au NPs*® with a diameter of 60 nm,
each one at opposite sides of the origami. At approximately the
center of the DNA origami structure, a single Cy5 fluorophore
is incorporated at the 3 end of a DNA single strand (see inset
in Figure 1A). In this way, the single Cy5 molecule is located
near the center of the 13 nm gap between the two Au NPs and
is able to rotate when in solution. Figure 1B shows exemplary
TEM images of the dimer OAs illustrating the quality of our
structures. The absorption and emission spectra of the Cy3
fluorophore employed together with a numerical simulation of
the absorption and scattering cross section of the OA are
included in Figure 1C. The OAs were self-assembled in
solution. For fluorescence measurements, QOAs were immobi-
lized on a glass coverslip previously functionalized with BSA-
biotin, neutravidin, and biotinylated single-stranded DNA
complementary to the single-stranded DNA on the Au NP
surface. As a result, OAs are expected to lie flat with their inter-
particle (main) axis parallel to the substrate surface. All optical
measurements were performed in buffer (see Supporting
Information for sample preparation and measurements de-
tails).

Functionalized NPs are mixed in high excess to the DNA
origami structure to maximize the yield of dimer OAs. Gel
electrophoresis permits to separate the desired structure from
unbound NPs and any other unintentionally formed species
resulting in a solution containing close to 100% of the target
dimer structure. Figure 1D shows the distinct fluorescence
lifetimes of the reference, monomer, and dimer samples
obtained from single-molecule traces (details on the time-
resolved single-molecule fluorescence measurements are given
in the SI). As expected, the interaction between the
fluorophores and the Au NPs reduces the fluorescence lifetime,
with a more pronounced effect for dimer structures.'” The
excited state lifetime of the CyS$ in the origami sheet is reduced
from 1.7 to 0.6 ns when one Au NP is attached, and to 0.2 ns
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Figure 1. (A) Sketch of the OA-CyS structure composed of two gold
NPs self-assembled onto a rectangular DNA origami. The inset
depicts a close-up of the NP gap where the single Cy5 fluorophore is
incorporated. (B) TEM images of the dimer structures (scale bar is
200 nm). (C) Absorption and emission spectra of Cy5 together with
the absorption and scattering cross section of the OA dimer. (D)
Fluorescence lifetime histogram of samples containing two NPs
(dimers), one NP (monomers), and the reference structure without

NPs.

(limited by the instrumental response) when the dimer OA is
formed. The relatively sharp lifetime distributions and TEM
images reflect the quality of the preparation and the purity of
the samples used in this study.

Two different single-molecule fluorescence measurements
were performed on each of the individual OAs in order to
determine the directionality imposed by the OA on the
excitation and on the emission of the single fluorophores. The
directionality of the emission was determined by wide-field
defocused imaging.'w The directionality of the excitation was
probed by monitoring the fluorescence intensity while rotating

DOI: 10.1021/acs.nanolett.9b02886
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the direction of polarization of a linearly polarized laser used
for excitation.

The fluorescence emission of molecules close to a planar
interface has been extensively studied.””"" The angular
emission pattern depends strongly on the orientation of the
molecular emission dipole with respect to the interface. In
Figures2A—C, we include simulations for the emission patterns

dipole orientation emission pattern

’f

defocused image

A dipole along x

B dipole along z

C rotating dipole

Figure 2. Simulated emission patterns and defocused images of an
emitter located 40 nm above a water (n,, = 1.33, z > 0)—glass (n, =
1.5, z < 0) interface (on the water side). The emission wavelength is
670 nm. Defocused images are calculated for the situation where the
objective—sample distance has been reduced by 1 ym from the focal
plane. (A) Dipolar emitter oriented parallel to the water—glass
interface along the x axis. (B) Dipolar emitter oriented perpendicular
to the water—glass interface. (C) Isotropic emitter, corresponding to
the case of the dipolar emitter that rotates faster than the
measurement time.

of a parallel, perpendicular and free to rotate Cy5 molecule
placed 40 nm above the water—glass interface (on the water
half-space). In all cases molecules emit preferentially into the
glass half-space and at angles close to the critical angle of total
internal reflection, but with distinct angular emission patterns.
While the emission pattern of perpendicular molecules has
rotational symmetry with respect to the surface normal, the
pattern of a parallel molecule has two lobes separated by a gap
along the dipole direction. For a fluorophore free to rotate, the
emission pattern corresponds to the isotropic average of
dipolar patterns with all possible orientations and has thus

radial symmetry. Defocused imaging is a way to access
experimentally the angular emission pattern of single
molecules.””*" Figures 2D—F include the calculated defocused
images of molecules oriented parallel, perpendicular, and freely
rotating when reducing the objective—sample distance by 1 ym
from the focal plane.

Figure 3 shows typical defocused images (~1 pm) of both,
CyS fluorophores conjugated to the center of the DNA origami
platform with and without OAs. The rotational symmetry of
CyS samples without OAs demonstrates that the Cy$
fluorophores are able to rotate on a time scale faster than
the image acquisition time. Remarkably, the emission patterns
of CyS molecules change qualitatively when they are coupled
to the dimer OAs. In this case, the rotational symmetry is lost,
and all detected emission patterns present the two lobes
characteristic of an in-plane dipole. Each individual pattern of
an OA-CysS structure has a different in-plane orientation. In the
presence of a dipolar OA, a rotating fluorophore operating at
frequencies below the OA’s resonance™” will couple to the
resonant antenna mode when aligned parallel to the antenna’s

*>*3 Under this orientation, the emission is expected
to be enhanced and directional with a dipolar pattern.”* In
contrast, for a perpendicular orientation, the fluorophore’s
radiative rate can be significantly suppressed leading to a
negligible emission into the far-field.**™" This behavior
becomes intuitive when picturing the interactions between
the Cy$ and its image charges produced on the NPs'® (Figure
3C). A perpendicularly oriented dipole is canceled out by its
image dipole (Figure 3C-I), whereas a parallel oriented dipole
is reinforced (Figure 3C-II). Therefore, despite the fact that
the single Cy5 fluorophore is able to rotate, the presence of the
OA will enhance and mediate the fluorophore’s emission when
its orientation is parallel to the main OA axis and suppress it
when perpendicular. This is confirmed by numerical
simulations of the fluorophore’s quantum yield for the two
orientations depicted in Figure 3C (see Figure S3). For each
defocused pattern in Figure 3B, we extract ,,, defined as the
main in-plane emission angle.

Next, we studied the excitation directionality with the
polarization-resolved excitation measurements. For each single
structure, as the ones shown on Figure 3, fluorescent transients
were extracted while rotating the incident light polarization.
Exemplary transients are included in Figure 4A, where
fluorescence enhancement (FE) refers to the fluorescence
intensity normalized to the average fluorescence intensity of
the reference structures (without NPs). The incident light

main axis.

em

Figure 3. Defocused images of (A) the CyS reference sample and (B) the OA-Cy3 structures. The in-plane emission angle 0

+ -+ -+

is highlighted for a

em

single OA. (C) Sketch of the image charges induced by a fluorophore on the OA elements. The black arrows represent the fluorophore’s emission
dipole moment, whereas the red arrows represent the induced dipoles in the NPs.
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Figure 4. (A) Transients of fluorescence intensity for varying
polarization angle of the excitation for the reference (no NP, blue)
and OAs (NP dimer, red). The OA intensity is normalized to the
average of the reference intensity and thus represents the fluorescence
enhancement (FE). During the first 50 s, the incident polarization is
rotated. (B) Afterwards, the incident light power is increased and its
polarization is turned circular in order to bleach the fluorophores to
verify a single-step photobleaching.

polarization angle is rotated by 20°, sweeping a range of 180°.
Finally, the fluorophores are photobleached using increased
laser power and circularly polarized light to prove single-step
bleaching behavior (Figure 4B). For the reference structures,
fluorescence transients show negligible variations with the
incident polarization angle. This is in line with our previous
observation that Cy5 is able to rotate faster than the
integration time. In contrast, the transients of OA-Cy3
structures show a clear periodic dependence with the incident
polarization angle. As expected for a dipolar dimer OA, the
electric field enhancement reaches the highest value when the
incident light is polarized along the antenna axis."’

From these measurements, we extracted the polarization
angle of maximum excitation @,,, which corresponds to the in-
plane orientation of each OA. We note that for our analysis we
considered only OAs that showed a clear cosine square
response to the polarization angle and a single-step photo-
bleaching, assuring that we probed dipolar OAs with a single
fluorophore.

Finally, we combined the results of the independent
measurements displayed in Figures 3B and 4A in order to
study the emission and excitation directionality of each OA.
Figure 5 displays a scatter plot of @, versus 6, for 147
randomly oriented dimer OAs with a single CyS fluorophore.
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Figure 5. Scatter plot of the in-plane angles of emission &, and
excitation @,, for 147 individual OAs.
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The strong correlation between both angles 6, and 6,,
confirms that the OAs impose directionality to the rotating
fluorophores both on excitation and emission according to the
antenna’s main resonant mode.

In summary, using the DNA origami technique we self-
assembled dipolar optical antennas made of two closely spaced
gold nanoparticles with a single fluorescent molecule at their
gap. By means of single-molecule measurements of the
emission pattern and the polarization of maximum excitation,
we showed that the excitation and emission of single
fluorophores that are able to rotate can be made directional
with optical antennas, according to the antenna’s main
resonant mode. These experiments provide a solid ground
for more sophisticated photon routing experiments using single
emitters and self-assembled optical antennas.””"'
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1. Gold Nanoparticle Fabrication

Synthesis of gold nanoparticles (Au NPs): 60 nm spherical gold NPs were synthesized by a
four-step seed growth and etching method'?. Small gold clusters were prepared by reduction of
Au’*ions with sodium borohydride in cetyltrimethylammonium bromide (CTAB) solution. These
clusters were grown to small seed nanoparticles by further addition of Au* ions and ascorbic acid
in CTAB solution. Further larger polyhedron nanoparticles were formed by anisotropic growth of
seed particles in cetyltrimethylammonium chloride (CTAC) solution with Au** ions and ascorbic
acid. Spherical NPs were obtained by etching the surface of nanopolyhedrons by addition of Au’*

ions in CTAB solution. The experimental details of the individual steps are specified below.

Clusters: HAuCls solution (10 mM, 250 uL) was mixed with a CTAB solution (100 mM,
9.75 mL), followed by rapid injection of a freshly prepared ice-cold NaBH4 solution (10 mM,

600 pL). The mixture was left undisturbed for 3 h at 30 °C.

Seeds: The prepared cluster solution (300 puL) was injected into a growth solution of CTAB
(100 mM, 2.44 mL), deionized water (D.I. water; 47.5 mL), HAuCl4 solution (10 mM, 1 mL), and
ascorbic acid solution (100 mM, 3.75 mL). The reaction mixture was gently shaken and then left
undisturbed for 3 h at 30 °C. The colloid was washed by centrifugation (11500 x g, 40 min) and

redispersed in D.I. water (12.5 mL).

Nanopolyhedrons: The seed solution (3.6 mL) was added into a CTAC solution (25 mM, 300 mL).
After the sequential addition of ascorbic acid solution (100 mM, 7.5 mL) and HAuCl4 solution
(10 mM, 15 mL), the mixture solution was kept undisturbed for 3 h at 30 °C and then washed by

centrifugation (1750 x g, 30 min) and redispersion in CTAB solution (20 mM, 5 mL).
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Au NPs: The nanopolyhedron solution (5 mL) was diluted by the addition of CTAB solution
(20 mM, 250 mL), followed by the addition of HAuCl4 solution (10 mM, 1.9 mL). After stirring
(550 rpm, 2 h, 40 °C), the mixture was washed twice with D.I. water (centrifugation at 1750 x g

for 30 min) and redispersed finally in D.I. water (10 mL).

2. Sample Preparation
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Figure S 1: 2LS DNA origami design. Scaffold (blue), staples (gray), Cy5 modified staples (red),

handles (green and turquoise), and endcaps (vellow).
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The DNA origami structure was designed using CaDNAno? and visualized for twist correction
using CanDo*. It consists of a square lattice design that folds onto a 2-layers sheet (2LS) of size
~60 nmx50 nmx5 nm. An attachment binding site with four 15-nuclotides long handles (15xA) is
located at the center of each of the two layers of the 2LS origami. Each binding site is aimed to
attach a single 60 nm Au NP. The CaDNAno design is shown in Figure S1, with the scaffold
portrayed in blue, the core staples in gray, the handles on each layer in green and turquoise, the
staple with Cy5 in red, and the endcaps in yellow. The endcaps contain CCCC extensions to

prevent base-stacking interactions between origamis.

Handles 5’staple AAAAAAAAAAAAAAATY

Cy5 5" staple TTT Cy5 3

Endcaps 5" CCCC staple CCCC 3’ or 5" CCCC staple 3’ or 5° staple CCCC 3’
Thiol-DNA 5 Thiol CO TTTTTTTTTTTTTTTTTTT 3°

Table S 1: Modified DNA strands. Handles contain a 15xA extension, the Cy5 staple has a 3-T
spacer, and the endcaps 4xC extension(s). Thiolated DNA has a 15xT which is complementary to

the handles sequence.

The 2LS DNA origami structure was folded using a p7249 scaffold (single-stranded M 13mp18
bacteriophage genome, in-house produced), staple strands (Eurofins Genomics, Germany), and
modified strands (Biomers.net GmbH, Germany and Eurofins Genomics, Germany) in a 1xXTAE
buffer (40 mM Tris, 40 mM acetatic acid, ] mM EDTA, pH 8) and 12 mM MgCl:z using a 1:10
scaffold:staples ratio (10 nM scaffold final concentration). The solution was heated to 75 °C, held
for 5 minutes, brought to 65 °C, and ramped down to 25 °C at a rate of 1 °C/ 20 mins. The folded
DNA origami structure was purified from excess staple strands using gel electrophoresis. All gels
were ran using a 1% agarose gel, 1xTAE buffer with 11 mM MgClz for 2.5 hours at 4 V/ cm. The

appropriate 2LS origami band was cut out and squeezed from the gel using cover slips wrapped in
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parafilm. Only side lanes of the gel were post-stained and used as markers to cut the appropriate
band to avoid staining the origami used on this study. The concentration was determined via

UV-Vis absorption spectroscopy (Nanodrop).

Thiolated DNA (Thiol-C6-15xT, Biomers.net GmbH, Germany) was mixed with ultrasmooth
Au NPs (see section 1), adjusted to 0.03% SDS and frozen for 30 mins>. Excess DNA was removed
using gel electrophoresis. This step also ensures the removal of any self-aggregated dimer formed
during the NP functionalization. The concentration was determined via UV-Vis absorption

spectroscopy (Nanodrop).

The purified 2LS origami was mixed with the purified Au NPs using an excess of five Au NPs per
binding site and adding NaCl to a final concentration of 500 mM. After overnight incubation, the
excess of NPs was removed by gel electrophoresis and the band containing correctly formed

dimers was extracted as described before.

2LS origami with
2 BS 1BS

dimer
monomer

excess
Au NPs

Figure S 2: Gel image after gel electrophoresis of the designed 2LS origami with two binding sites
(2 BS) and one binding side (I BS).
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3. Surface Preparation and Sample Immobilization

For immobilization of the OA structures, the glass cover slips were first rinsed with water and then
cleaned in a UV cleaning system (PSD Pro System, Novascan Technologies, USA). Afterwards,
the surfaces were passivated with a BSA-biotin in PBS solution (1 mg/mL) for 1 h, neutrAvidin in
PBS solution (0.5 mg/mL) for 20 min and single stranded DNA (7T for the reference and 7A for
the monomer and dimer samples) with a biotin attached to the 5’-end (10 nM) for 20 min. In
between all the steps, the surfaces were washed with 0.5xTE buffer containing 10 mM MgCla. The
samples were incubated on the surface for 5 min and afterwards washed with buffer. Confocal and
wide-field measurements were performed under oxygen removal and ROXS using

trolox/troloxquinone in 1XTAE with 12 mM MgCl2.%7

4. Imaging Systems

4.1 Wide-Field Setup

Wide-field measurements were performed on a custom-built wide-field setup based on an inverted
Olympus IX71 microscope. As excitation source a red diode laser with a wavelength of 644 nm is
used (ibeam smart, Toptica Photonics, Germany). The laser gets spectrally cleaned by a cleanup
filter (Brightline HC 650/13, Semrock, USA) before passing the lambda quarter (AQWP05M
400-800 nm, Thorlabs, Germany)/ lambda half waveplate (AHWPO5M 400-800 nm, Thorlabs,
Germany) and afterwards being focused in the back focal plane of the objective (UApo N 60x,
NA =1.49, WD = 0.1 mm, Olympus, Germany). For stabilization of the sample an actively
stabilized optical table (TS-300, JRS Scientific Instruments, Switzerland) and a nosepiece stage

(IX2-NPS, Olympus, Germany) were implemented to the microscope. Then the light is directed
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through the objective and the sample is illuminated. Fluorescence will get collected by the same
objective and separated from the excitation light by a dichroic beamsplitter (Dual Line zt532/640
rpc, AHF Analysentechnik, Germany). Afterwards the fluorescence light is filtered with an
emission filter (ET 700/75, Chroma, USA) and focused by a lens on an EMCCD camera (iXon X3
DU-897, Andor, North Ireland). The videos are recorded by the open source microscopy Imagel

software Micro-Manager?®,

4.2 Confocal Setup

Confocal measurements were performed on a custom-build confocal setup based on an inverted
Olympus IX81 microscope. The excitation source is a 78 MHz-pulsed laser (SuperK Extreme,
NKT Photonics, Denmark), that can be tuned in a region from 400 to 2400 nm. In these
experiments working at 639 nm to excite the Cy5 dye. For wavelength selection an AODS (20160
8R, Crystal Technology, Inc., USA) and an AOTF (AA.AOTF.ns:TN, AA-Opto-Electronic,
France) are implemented that also clean up the spectrum of the laser. After wavelength selection
a neutral density filter (ndF, OD 0-2, Thorlabs, Germany) is passed and the laser beam is coupled
into a polarization maintaining single mode fiber (PM-Fiber, P1-488PM-FC-2, Thorlabs,
Germany). The polarization of the laser can be controlled by the combination of a linear polarizer
(LPVISE100-A, Thorlabs, Germany), an electro optical modulator (EOM, electro-optical
modulator, L 0202, Qioptiq, Germany) and a lambda quarter waveplate (AQWPO5M-600,
Thorlabs, Germany). With these optics a circular polarization can be achieved by driving the EOM
with a high frequency. Afterwards, the laser beam is coupled into the microscope body and focused
on the sample placed on top of an immersion oil objective (UPlanSApo 100x, NA = 1.4,
WD =0.12 mm, Olympus, Germany). The fluorescence of the sample is collected by the same

objective and separated from the excitation light by a dichroic mirror (DS, zt532/640rpc, Chroma,
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USA). To filter out scattered laser light, the fluorescence is focused on a 50 um pinhole (Linos,
Germany) and afterwards directed through an emission filter (RazorEdge® 647, Semrock, USA)
and again focused by a lens on the the APD (Avalanche Photo Diode, SPCM, AQR 14, Perkin
Elmer, USA). Time Correlated Single Photon counting is achieved by an TCSPC system (Hydra
Harp 400, PicoQuant, Germany). Scanning of the samples in x and y is realized by a piezo stage
(P-517.3CL, E-501.00, Physik Instrumente GmbH&Co. KG, Germany). For data processing, a
custom written LabVIEW software (National Instruments, USA) is used. To extract the
fluorescence lifetime from the decays, a mono-exponential fit and a deconvolution from the

instrumental response function using the program FluoFit (PicoQuant, Germany) were used.

5. Imaging

5.1 Wide-Field Imaging Series

To analyze the emission dipole orientation, the orientation of maximum absorption and the
bleaching behavior, a set of different measurements were performed. In a first measurement, the
laser power was set to a power density of 0.22 kW c¢cm™ and the objective was shifted towards the
sample by approximately 1 um to take defocused images of the single molecules. This shift in the
objective position leads to a deliberate defocused signal on the camera chip that allows us to study
the angular emission pattern. Circularly polarized light was used in order to attain uniform
excitation of all OA-CyS5 photon emitter structures that are randomly oriented on the glass. Second,
after completion of the defocused imaging, the sample is placed back to focus for single molecule
studies. These measurements are performed while stepwise rotating the linearly polarized

excitation light by spinning the lambda half waveplate for ten degrees nine times every five
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seconds. Third, the incident polarization is switched back to circular and the laser power density
is increased to 3.04 kW cm in order to bleach in a reduced amount of time all the fluorophores
present in the imaged field of view. This final step allows us to filter out the signals arising from
aggregates of NPs or DNA origami structures and to only consider structures with a single

bleaching step, a signature of the presence of a single molecule.

5.2 Confocal Measurements

In order to study the yield of dimer structures, we performed confocal measurements. We used the
fluorescence lifetime of the different samples to distinguish dimer from monomer and reference
structures. Samples were first scanned with a circularly polarized laser beam and afterwards spots

were picked and measured until a single bleaching step occurred.

6. Simulations

Numerical simulations were performed using a Finite Difference Frequency Domain (FDFD)
commercial software (CST STUDIO SUITE, Microwave module). The Cy5 fluorophores were
modelled by a small (0.1 nm) current source oscillating at 447 THz, corresponding to the
wavelength of maximum fluorescence emission of Cy5. The emission pattern generated by the
dipolar current source was calculated for the experimental geometry: a glass (n = 1.515) — water
(n = 1.33) interface, the current source (fluorophore) was placed on the water side at 40 nm from
the glass-water interface, oriented parallel or perpendicular to the interface. The simulated images
were calculated by plotting the electric field generated on each position of the selected image plane
r = (pcos @; psing ;z), integrating the fraction of the emission pattern collected by the

objective lens:
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Ej(r) —C J,-OZTI: J-Bﬂm.ax 'ICOSB on (9’11)) eik(p sin @ (cos(y—¢))+z cos 8) sin® do dll)

where j stands for X, y, or z (Cartesian components of the field). The solid angle is integrated in
spherical coordinates. The azimuth angle is integrated all around the z-axis, and the focusing angle

range (0 and 6,,,,) depends on the NA of the objective. k = 2m/A. Ey;(6,¢) is the j

component of the emission pattern field parametrized in the azimuthal and polar angles (6,1).

For the quantum yield simulations we followed the procedure included in °.
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Figure S 3: Simulated quantum yield for the Cy5 fluorophore located at the hotspot of the OA
normalized to the quantum yield without the OA (0.27) for two orientations, along the dimer main

axis (parallel) and perpendicular.

7. Data Analysis

For extraction of the fluorescence enhancement, modulation and angle of maximum excitation the

modulating time traces of single molecules are processed and fitted (Figure S 4). Therefore, a mean

10
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fluorescence enhancement value for each excitation polarization is extracted. The extracted values

are then fitted with a cosine square function.
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Figure S 4: Trace from the polarization resolved excitation measurements of a single Cy5 molecule

(A). (B) Extracted mean intensity for all polarizations fitted by a cosine square function.

By this fitting, the maximum fluorescence enhancement that corresponds to the angle of maximum

excitation can be extracted.
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ABSTRACT: We present a technique to determine the orientation of —~ @
single fluorophores attached to DNA origami structures based on two
measurements. First, the orientation of the absorption transition dipole of

: : e S x
the molecule is determined through a polarization-resolved excitation DNA-PAINT )|
. Il
measurement. Second, the orientation of the DNA origami structure is - .-z
p polarization resolved - G|
obtained from a DNA-PAINT nanoscopy measurement. Both measure- wide-field
ments are performed consecutively on a fluorescence wide-field measurements

microscope. We employed this approach to study the orientation of
single ATTO 647N, ATTO 643, and Cy5 fluorophores covalently
attached to a 2D rectangular DNA origami structure with different
nanoenvironments, achieved by changing both the fluorophores’ binding position and immediate vicinity. Our results show
that when fluorophores are incorporated with additional space, for example, by omitting nucleotides in an elsewise double-
stranded environment, they tend to stick to the DNA and to adopt a preferred orientation that depends more on the specific
molecular environment than on the fluorophore type. With the aid of all-atom molecular dynamics simulations, we
rationalized our observations and provide insight into the fluorophores’ probable binding modes. We believe this work
constitutes an important step toward manipulating the orientation of single fluorophores in DNA origami structures, which is
vital for the development of more efficient and reproducible self-assembled nanophotonic devices.

KEYWORDS: DNA nanotechnology, super-resolution microscopy, DNA-PAINT, single-molecule fluorescence,
polarization-resolved microscopy

T he DNA origami technique' is revolutionizing nano- spectroscopy, plasmon-assisted FRET,”** strong-coupling at
fabrication by molecular self-assembly because it room temperature,”° and directional emission.””"

provides control and versatility to organize different Importantly, the efficiency of nanophotonic devices depends
molecules and nanoparticles in well-defined geometric arrange- not only on the relative position of their components but also on
ments. In particular, this technique has proven extremely useful their relative orientation. For example, in order to form a
to fabricate nanophotonic devices with specific functions by directional OA, two or more nanorod elements must be placed
setting single-photon emitters (SPEs), such as fluorescent side-by-side in a parallel fashion.””" Similarly, the efficiency of
fnolecu?es o quant|l1m d(?ts, ‘“}d metal]l?c nanoparticl.es (_MNPS.) dipole—dipole interactions between two fluorophores (FRET)
L prece 4geometr1es with high p(?smo_nal and stoichiometric depends, among several factors, on the relative orientation of the
control.” " In some cases, DNA origami structures are used to fluorophores through the & factor. This factor ranges from 0

host solely MNPs like in chiral plasmonic structures” or DNA
sensors based on circular dichroism.*” In others, only SPEs are
organized, such as in multichromophoric Forster resonance
energy transfer (FRET) chains capable of transporting optical
excitations'*~'® or FRET-based DNA sensors.”"> Finally, Received:  December 8, 2020
DNA origami structures have also been used to construct A“e_pt‘“{‘ February 25, 2021
more complex hybrid nanostructures, where SPEs and MNPs Published: March 4, 2021
acting as optical nanoantennas (OAs) were combined to

enhance the interaction of molecules with light. Examgles

include OAs for enhanced fluorescence'®™"* or Raman'’™**

(for perpendicular transition dipoles) to the maximum value of 4
when their transition dipoles are aligned.”’ Regarding the

© 2021 American Chemical Society https://dx.doi.org/10.1021/acsnano.0c 10259
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interaction between optically active molecules and OAs, the
effect is 2-fold. The molecular excitation rate is proportional to

(Eﬁc ¥, with H; the absorption transition dipole moment of the

molecule and E the electric field at the molecule’s position
arising from the sum of the incident field and the field induced
by the OA.** The molecular radiative decay rate also depends on
the relative orientation between the emission transition dipole
moment 7, and the OA, leading to a wide range of effects, from
strong enhancement to virtually complete suppression of
photon emission,””** 7%

So far, various protocols have been introduced to incorporate
anisotropic MNPs, such as gold nanorods™ and triangular
plates,”” in DNA origami structures with positional and
orientational control. In contrast, while the DNA origami
technique routinely enables the assembly of molecules with high
positional accuracy, controlling the orientation of single
molecules remains challenging. Basically, there are two kinds
of strategies to incorporate molecules into DNA origami
structures. The first one is the well-known, noncovalent binding
to double-stranded DNA (dsDNA) helices. This approach offers
orientational control because different molecules bind differ-
ently to the dsDNA structure, depending on the chemical
structure. Some bind preferentially in between bases (inter-
calators); others bind to the minor or major groove (groove
binders), or externally along the dsDNA chain.™ Gopinath et
al.”” reported an example of this approach, labeling DNA
origami structures with the intercalating dye TOTO-3, which
forms an angle of 70° + 10° between fi, and the dsDNA helix.
Unfortunately, this level of orientational control** comes at the
expense of losing stoichiometric and positioning control as it is
not possible to predefine the positions nor the number of
binding molecules.

The second strategy to incorporate molecules into a DNA
origami structure consists of attaching them covalently to
specific constituent single-stranded DNA (ssDNA) staples, ' at
either the 5'- or 3'-ends, or internally, using, for example, an
amino-Cé6 linker. This approach provides high positional and
stoichiometric control to incorporate molecules in DNA origami
structures. '’ However, in contrast to the case of DNA binding
molecules, the resulting orientation of molecules is not yet
predictable. This is due, in part, to the complexity of the
interaction between small molecules and DNA which depends
not only on the molecular identity but also on the type of linker
and the surrounding environment.”* Also, no method of general
applicability has been available to reliably determine the
orientation of single molecules with respect to DNA origami
structures. Earlier works have addressed the orientation of
fluorophores linked to DNA using FRET.”>™** For example, it
was found that Cy3 and CyS5 dye molecules attached to dsDNA
maintain a preferential orientation when linked via a three-
carbon linker due to blunt end sticking"® but present a high
degree of rotational freedom when other linkers are used.”
FRET measurements have the advantage that they can be
conducted at the single-molecule level, but they do not address
the orientation of fluorophores with respect to the DNA
structure. Instead, they report on the relative orientation
between donor and acceptor molecules, and that measurement
relies strongly on an accurate determination of the donor—
acceptor separation distance. More recently, the position and
orientation of single molecules attached to short dsDNA chains
were determined through single-molecule localization techni-
ques.”” ™" Because the dsDNA chains were shorter than the

5110

persistence length, they could be considered rectilinear, and the
relative orientation of the fluorophores with respect to the
dsDNA could be inferred at the cost of the DNA being physically
adsorbed to a positively charged surface.

Here, we present a technique of general applicability to study
the orientation of single fluorescent molecules in DNA origami
structures. It is based on two independent measurements that
can be performed consecutively on surface-immobilized DNA
origami structures using a wide-field fluorescence microscope.
First, a polarization-resolved excitation measurement is used to
determine the 2D orientation of the target fluorescent
molecules. Second, a super-resolution (nanoscopy) measure-
ment using the DNA-PAINT technique™ is used to retrieve the
orientation of the DNA origami “host” structure. The DNA
origami hosts the dsDNA that the dyes are bound to in a fixed
horizontal orientation while maintaining its physiological buffer
environment. With this technique, we initially determined the
orientation of single ATTO 647N molecules covalently attached
to a rectangular DNA origami structure in three configurations
with different expected nanoenvironments. For every case, the
ATTO 647N delivered a nearly Gaussian distribution of
orientations with a distinct mean orientation. Then, we
performed analogous experiments with ATTO 643 and CyS
fluorophores for two configurations in order to determine the
hierarchy between the two main factors that affect the final
orientation: nanoenvironment and fluorophore identity. Finally,
using molecular dynamics simulations, we assigned the observed
orientations to molecular structures and interactions that are
likely related to the true conformations. Overall, these results
enable the design and fabrication of highly efficient nano-
photonic devices by self-assembly using DNA origami
structures, where SPEs could be set not only with high positional
and stoichiometric control but also with orientational control.

RESULTS AND DISCUSSION

A schematic of the sample employed is shown in Figure la. It
consists of a 2D rectangular DNA origami structure (85 nm X 71
nm) based on 24 helices with different modifications. A single
ATTO 647N, ATTO 643, or CyS molecule (indicated by a red
spot in Figure 1a) was covalently attached to a defined base of an
ssDNA staple through a single Cé-linker. For the DNA-PAINT
measurements, we further extended 18 ssDNA staples with an
11-nucleotide sequence to form three binding sites (green spots
in Figure la, top view), arranged in an asymmetric pattern. In
order to immobilize the samples onto glass coverslips, six
biotinylated ssDNA staples are incorporated into the DNA
origami structure (blue spots in Figure 1a, bottom view) on the
hereafter defined underside of the DNA origami structure.
The ATTO 647N fluorophore was selected not only for its
brightness and photostability but also because it is moderately
hydrophobic, carries a net electrical charge of +1, and tends to
stick to surfaces and DNA.*""* This sticking can be hydro-
phobic, due to an interaction with the hydrophobic core of the
DNA, or electrostatic, due to an interaction with the negatively
charged DNA phosphate backbone. ATTO 643 is a hydrophilic
version of the ATTO 647N and shows a reduced tendency for
unspecific sticking. The Cy5 fluorophore is a member of the
group of cyanine dyes and carries a net charge of +1. In this work,
we want to address the question of whether fluorophores show
preferential binding sites depending on the position and
motional freedom within the DNA origami structure. To this
end, we prepared three samples where a single fluorophore is
linked in different ways to the DNA origami structure, always

https://dx.doi.org/10.1021/acsnano.0c10259
ACS Nano 2021, 15, 5109-5117
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Figure 1. (a) Sketch of the top and bottom view of the rectangular
DNA origami structure including different modifications: 6 biotins
(blue), a single fluorophore (ATTO 647N, ATTO 643, or CyS; red),
and 18 DNA sequences (green) forming three binding sites for
DNA-PAINT measur ts in an asy tric pattern. (b—d) Inset
of the DNA helical winding highlighting the position of the ssDNA
staple (red line) labeled with the fluorophore (red spot), the
adjacent ssDNA staple (black line), and the scaffold strand (gray
line) for the three samples employed.

covalently attached but with different local environments. In
samples 1 and 2, the fluorophore (highlighted with an orange
square in the top view of Figure Ia) is linked at the same position
in the helix, facing toward the neighboring helix (Figure 1b,c).
This is achieved through a modification at the 3’-end of the
corresponding ssDNA staple (Supporting Information, Figure
Sla). The difference between these samples is that in sample 1

the next adjacent ssDNA staple after the fluorophore
modification is shortened by two nucleotides (Figure 1b),
whereas in sample 2 the adjacent ssDNA staple is not shortened
(Figure 1c). Thus, the fluorophore is expected to have more
freedom to find a favorable position in sample 1. In sample 3, the
fluorophore (highlighted by a blue square in the bottom view of
Figure la) is incorporated at a different position using an
internal modification of an ssDNA staple in a different helix
(Supporting Information, Figure S1b) so that the fluorophore is
facing toward the underside of the DNA origami structure
(Figure 1d). Samples 1 and 2 were prepared for all three
fluorophores (ATTO 647N, ATTO 643, and CyS) whereas
sample 3 was solely fabricated with a single ATTO 647N
fluorophore.

Measurements were performed in a home-built wide-field
microscope equipped with both green (532 nm) and red (644
nm) lasers for fluorescence excitation. The polarization-resolved
measurements were carried out under epifluorescence illumi-
nation, by stepwise rotating the linear polarization of the red
laser excitation by 20° every five seconds. This procedure was
repeated 18 times to cover twice an excitation polarization range
of 180°. An example fluorescence trace showing a periodic
intensity modulation is shown in Figure 2a. This modulation can

be quantified as M = w, with I, and I, the highest and

min
max T Lmin

lowest intensity values extracted from each trace, respectively.
Histograms showing the distributions of the modulation for all
samples and fluorophores are included in the Supporting
Information in Figure S2. We only considered single-molecule
traces showing a significant modulation®” (ie, M > 0.15) in
order to exclude samples in which the fluorophore is relatively
free to rotate and thus cannot be studied with the forthcoming
analysis. Table S1 includes the number of traces studied and the
fraction that met this condition for each sample and fluorophore.
For the traces with M > 0.15, we attribute the excitation
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Figure 2. (a) Polarization-resolved excitation measurements. Exemplary ATTO 647N fluorescence trace obtained by rotating the incident
polarization angle () by 20° every five seconds. (b) Mean fluorescence intensity vs # together with a cos® fit to obtain the in-plane orientation
() of the excitation transition dipole moment 7, with respect to the microscope. (c) DNA-PAINT nanoscopy measurements. Sketch of the
binding and unbinding of the imager strands labeled with a single ATTO 542 onto the DNA-PAINT binding sites. (d) Super-resolved DNA-
PAINT image corresponding to three DNA origami structures showing the asymmetric triangular pattern. Based on this image, the orientation
in 2D as well as the binding geometry (upright or upside down) of each DNA origami (gray rectangle) can be extracted (gray line).
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Figure 3. (a) Coordinate system employed to estimate the angle ¢ that the fluorophore (i.e., its i,) forms with the DNA origami host structure.

(b—d) Distributions of ¢b for ATTO 647N on the three samples obtained experimentally (bars) and from all-atom MD simulations (shaded gray
curves). The experimental distributions are fitted with a Gaussian function; its mean value and the standard deviation are shown next to the plot.
Each simulation histogram shows data from two independent runs, 1 gs long, sampled every 20 ps. (e—g) Conformations of ATTO 647N from
all-atom MD simulations corresponding to the average experimental orientation of the three samples. The ATTO 647N is shown in green, the
staple strand carrying the ATTO 647N in red, and the Cé6-linker in magenta, and the adjacent staple and scaffold strands are shown in orange

and blue, respectively.

modulation to fluorophores spending a considerable fraction of
the time bound to the DNA origami structure. For each
polarization, the mean intensity was extracted and plotted
against the incident polarization angle €. The resulting intensity
vs @ curve was fitted to a cos’(0) — ¢) function, as shown in
Figure 2b. The obtained value of ¢ corresponds to the in-plane
orientation of the fluorophore’s absorption transition dipole
moment, ;TG.

Next, we performed DNA-PAINT imaging by adding a
solution containing 3 nM 7-nucleotide ssDNA sequences
(imager strands) labeled with a single ATTO 542 dye (Figure
2c). Every transient binding of an imager strand to one of the
three binding sites leads to a fluorescence spot on the camera
image which is used to precisely localize the binding site. The
reconstructed super-resolved images reveal the triangu]ar
asymmetric pattern of each DNA origami structure (Figure
2d), which not only provides the orientation of each DNA
origami rectangle on the glass coverslip but also shows whether it
was immobilized upright or upside down (for further
information, see Figure S3). For this 2D DNA origami, the
structure can self-assemble with the biotin modifications ending
on the “upper-side” as previously reported.””"* We determined
that approximately 33% of all the DNA origami structures
studied were bound to the glass coverslip with the “upper-side”
facing toward the glass surface. This does not affect our analysis,
as shown in Figure S4 of the Supporting Information.

By combining both sets of measurements, we obtained the
angle of each fluorophore (,LTG) with respect to the dsDNA helix

of its host DNA origami structure. We called this angle ¢,
defined according to the coordinate system shown in Figure 3a.
Figure 3b—d shows the distributions of ¢ obtained for the three
samples labeled with a single ATTO 647N. Based on a Gaussian
fit to each distribution, the mean orientations are found to be ¢

5112

=76° £ 15° 54° + 20° and 119° + 30° for samples 1, 2, and 3,
respectively. The distinct distributions of ¢ reveal that the
notorious stickiness of ATTO 647N to DNA strongly depends
on the specific nanoenvironment, This is especially illustrated by
a more than 20° difference in the average molecular orientation
for samples 1 and 2, which differ only by two missing nucleotides
in sample 1.

In order to rationalize these findings, we performed all-atom
molecular dynamics (MD) simulations of the relevant three-
helix fragments taken from the experimental DNA origami
designs (see Figure 3e—g and Figure S5a). Two independent
simulations, each 1 ys long, were performed for each system (the
videos from the simulations for each sample are included in the
Supporting Information, movies S1, S2, and S3). From these
simulations, we extracted the in-plane orientation of the
fluorophore (¢) at 20 ps time steps. The obtained distributions
of ¢ are additionally shown in Figure 3b—d (gray). For sample 3,
we find an exquisite agreement between experiment and
simulations. The broadening of the experimental data can likely
be assigned to possible wobbling of the overall structure. On the
other hand, samples 1 and 2 exhibit larger differences between
experiment and simulation. Visual inspection of the simulation
videos reveals that several, very different conformations of the
dye within the DNA origami structure are visited for relatively
long times indicating that the energy landscape might be too
rugged to allow for a representative sampling of all possible
conformations within the time scale accessible to the
simulations. Vice versa, by searching in the simulations for
conformations that match the experimental ¢-values, we
extracted conformations that are likely to be visited for longer
times in the experiments (alternative conformations represent-
ing different subpopulations of the simulations are shown in
Figure S5e).

https://dx.doi.org/10.1021/acsnano.0c 10259
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A great finding arises from the comparison of the results
obtained with sample 1 and 2, that only differ by two missing
nucleotides in sample 1. Interestingly, the simulated con-
formations of sample 1 with ¢-values matching the experiments
are characterized by intercalation of the dye at the position of the
two missing nucleotides (see representative structure in Figure
3e). In contrast, for sample 2, the subpopulation of the
simulation with the ¢-values matching the experimental average
distinguishes itself by the interaction of the dye with the
neighboring helix (see representative structure in Figure 3f). In
analogy, we also extracted a representative conformation of
sample 3 (Figure 3g) that reveals potential reasons for the better
agreement of experiment and simulation. For sample 3, the dye
is located closer to a crossover of a neighboring helix which
creates a preferential binding pocket (Figure 3g).

In addition, we performed measurements on samples 1 and 2
with single ATTO 643 and Cy5 fluorophores. The measured
distributions of ¢ are shown in Figure 4, where the previous
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Figure 4. Distributions of ¢ for ATTO 647N, ATTO 643, and Cy$
fluorophores incorporated in the DNA origami structure in samples
1 and 2. The curves are fits to a Gaussian function; the mean and
standard deviations are shown next to the plots.

results for ATTO 647N are added for comparison. For sample 1,
narrow distributions of ¢ were obtained for every fluorophore
characterized by similar mean values of 76° + 15°, 84° + 13°,
and 83° + 15° for ATTO 647N, ATTO 643, and Cys5,
respectively. Also, for this sample, the fraction of traces showing
amodulation M > 0.15 was larger than 90% for the three dyes. In
contrast, for sample 2, broader distributions of ¢ were measured
with more dissimilar mean values of 54° + 20° and 75° + 26° for
ATTO 647N and ATTO 643, respectively. For CyS, the
obtained distribution of ¢ in sample 2 was nearly uniform,
indicating that CyS5 finds no preferential orientation under these
conditions. Sample 2 also showed different behaviors in the
fraction of modulating traces for the three fluorophores. While
ATTO 647N and CyS show a considerably high fraction of
modulating traces (619 and 88%, respectively), only 20% of the
traces registered for AT'TO 643 showed significant modulation.
Similar to our simulations of the ATTO 647N systems, in our
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simulations of the CyS dye-conjugated DNA constructs
(Supporting Information, Figure S6 and Movies S4 and SS),
the dye was observed to interact strongly with the unpaired
DNA nucleotides in sample 1 and with the grooves of the DNA
helices in sample 2. Overall, these results confirm that in sample
1 the fluorophores adopt similar orientations in the space left by
the two missing nucleotides. In sample 2, without the extra
available space, the fluorophore orients in a less defined manner
with a stronger dependence on the fluorophore type.

CONCLUSION

In summary, we have developed a technique to determine the in-
plane orientation of fluorescent molecules covalently attached to
DNA origami structures. This technique combines a polar-
ization-resolved excitation measurement and DNA-PAINT
nanoscopy and can be implemented in wide-field fluorescence
microscopes. We applied this approach to study the orientation
of different fluorophores covalently incorporated into DNA
origami structures in three different ways, each one generating a
different local environment for the fluorophores. We showed
that ATTO 647N, one of the most used dyes in single-molecule
experiments, not only strongly sticks to DNA but also adopts
preferential binding geometries depending on the local environ-
ment. MD simulations of the corresponding experimental
systems showed that the local environment of a dye conjugated
to DNA can qualitatively change the manner in which the dye
interacts with the DNA and thereby affect the preferential
orientation of the dye. Although we found the conformational
sampling afforded by our brute-force MD simulations to be
insufficient to quantitatively predict the preferential orientation
of the dyes, the simulations nevertheless yielded substantial
structural information to assign probable conformations for each
sample studied and allow us to extract likely binding modes.

Importantly, we find that leaving extra space to a terminally
attached fluorophore (eg., by shortening the adjacent staple
strand) leads to stronger binding and a narrower, more defined
distribution of dye orientations. These findings were validated
by experiments with three different fluorophores: ATTO 647N,
ATTO 643, and CyS. In contrast, an internally attached
fluorophore in the DNA strand (sample 3) does not lead to a
narrower distribution of orientations.

The dynamics of dye molecules around a DNA helix is
governed by a complex interplay of electrostatic and hydro-
phobic interactions. This complexity imposes a considerable
challenge for the accurate prediction of the final orientation of
the molecules within a DNA origami structure. The
experimental approach presented here should be applicable to
other dyes and a variety of relevant samples using, eg., bis-
functional fluorescent dyes. Further measurements of molecular
orientation, incorporating 3D techniques,”” in combination with
MD simulations, will enable the generation of sufficient
empirical knowledge to finally predict and manipulate molecular
orientation in DNA origami structures. This, in turn, will lead to
much more efficient and reproducible self-assembled nano-
photonic applications.>

METHODS

DNA Origami. The rectangular DNA origami structure was
designed using CaDNAno.”" It is based on a 7249-nucleotide long
scaffold extracted from a M13mp18 bacteriophage and folded into the
desired rectangular shape with the help of 186 staples (see the SI,
Section S6) mixed with a 10-fold excess of staples to scaffold.
Unmodified staple strands were purchased from IDT; biotin-function-

https://dx.doi.org/10.1021/acsnano.0c 10259
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alized staples as well as the dye labeled staple strands with ATTO 647N,
ATTO 643, and Cy5 for sample 1 and 2 were purchased from Eurofins
Genomics GmbH and for sample 3 with ATTO 647N from Biomers
GmbH. The fluorophores used here are linked through a C6-linker to
the single-stranded DNA either on the 3'-end in samples 1 and 2
(Figure Sla) or internally in sample 3 (Figure S1b). A temperature
ramp is driven to self-assemble the scaffold and staple mixture to the
designed rectangular DNA origami structure. The mixture first was
heated to a temperature of 70 °C, where it stayed for S min; then, the
temperature was decreased down to 24 °C following a ramp of 1 °C
min~'. To get rid of the excess of staple strands, agarose gel
electrophoresis is used as a purification method. To this end, a 1.5%
agarose gel (Biozym LE agarose) containing ROTIGelStain (Roth) as
an intercalating dye for DNA is made. Additionally, a 10X BlueJuice gel
loading buffer (Thermo Fischer Scientific) is used to load the gel
pockets with the unpurified DNA origami structures. The gel runs at 80
V for 90 min in a 0.5X TAE 11 mM MgCl, buffer, cooled in an ice water
bath. After electrophoresis, the bands in the gel containing the DNA
origami structure were cut out and squeezed with a glass slide to extract
the purified DNA origami structures. The final concentration of the
DNA origami structures was determined on a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific).

Surface Preparation and Immobilization. For surface immobi-
lization, glass slides were rinsed with Milli-Q water and cleaned ina UV
cleaning system (PSD Pro System, Novascan Technologies). After
cleaning, two slides were glued together with double-sided adhesive
tape forming a chamber between the two slides. The surface was
passivated with BSA biotin (1 mg/mL, Sigma-Aldrich Chemie GmbH)
and neutrAvidin (0.5 mg/mL, Sigma-Aldrich Chemie GmbH), both
incubated for 15 min and washed with 1x PBS buffer after incubation.
Then, the DNA origami structure can be immobilized in a buffer
containing 12 mM MgCl, via biotins binding to the functionalized
surface. For the fluorescence measurements, the buffer was exchanged
to a buffer containing a reducing and oxidizing (ROX) system as well as
oxygen scavenging agents in order to increase the photostability of the
fluorophores. In particular, we used trolox/troloxquinone as the
reducing and oxidizing system, in addition to glucose oxidase for oxygen
removal in a 1X TAE buffer containing 2 M NaCL.***’

Wide-Field Setup. Measurements were performed on a home-built
wide-field microscope based on an inverted Olympus IX71 microscope.
For excitation, a 644 nm diode laser (ibeam smart, Toptica Photonics)
and 532 nm fiber laser (MPB Communications) are used. Spectral
clean-up of the lasers’ emission is performed through the following
filters: Brightline HC 650/13, Semrock (red range); and Z532/647x,
Chroma (green range). After spectral cleaning, the laser is directed
through a linear polarizer (LPVISC100-MP2 510—800 nm, Thorlabs)
to clean up the polarization of the beam and a lambda half waveplate
(AHWP0O5 M 400-800 nm, Thorlabs) mounted in a rotatable
motorized stage (KIOCR1/M stepper motor, Thorlabs). The laser is
then focused on the back focal plane of the objective (UPLXAPO 100X,
numerical aperture (NA) = 1.45, working distance (WD) = 0.13,
Olympus). For sample stabilization, an actively stabilized optical table
(TS-300, JRS Scientific Instruments) and a nosepiece stage (IX2-NPS,
Olympus) are implemented. The emitted light is redirected through the
objective and spectrally separated from the excitation laser by a dichroic
beamsplitter (Dual Line zt532/640 rpc, AHF Analysentechnik). The
fluorescence light is filtered by an emission filter in the red range (ET
700/75, Chroma) as well as in the green range (BrightLine $82/75,
AHF Analysentechnik) and focused onto an EMCCD camera (iXon X3
DU-897, Andor). Data acquisitioning is performed by the open source
microscopy image] software Micro-Manager.”

Simulations. All MD simulations were performed using program
NAMD2,%" a2 fs integration time step, 2—2—6 multiple time stepping,
periodic boundary conditions, and particle mesh Ewald (PME) method
over a 1 A resolution grid to calculate the long-range electrostatic
interaction.”* The Nosé—Hoover Langevin piston® and Langevin
thermostat were used to maintain the constant pressure and
temperature in the system. An 8—10—12 A cutoff scheme was used
to calculate van der Waals and short-range electrostatic forces. The
SETTLE algorithm®® was applied to keep water molecules rigid
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whereas the RATTLE algorithm®® constrained all other covalent bonds
involving hydrogen atoms. CHARMM36 force field parameters
described the bonded and nonbonded interactions among DNA
water and ions.”® The force-field parameters of the dye molecules
(ATTO 647N and Cy5) covalently conjugated with the C6 linker to
DNA were obtained using the CHARMM General Force Field
(CGenFF) web server.”” We used custom nonbonded fix (NBFIX)
corrections to improve the nonbonded interaction among DNA and
ions.”® The coordinates of the system were saved at an interval of 20 ps.
Visualization, analysis, and postprocessing of the simulation trajectories
were performed using VMD®’ and CPPTRAJ.”

We created three all-atom models of rectangular DNA origami
systems corresponding to the three different dye modification used in
experiments, namely, sample 1, 2, and 3. The CaDNAno design of the
DNA origami plate was converted to an idealized all-atom
representation using a previously described method.”' In order to
create a realistic and smaller analogue of the DNA origami suitable for
the all-atom simulations, we kept only a 15 base-pair long section of the
DNA helix containing the dye molecule along with two nearby DNA
helices. Next, using a set of custom translation and rotational
transformations, we placed the dye molecules near the DNA helix to
match the respective chemical structure. The bond between DNA and
Cé6 conjugated dye molecules (ATTO 647N and Cy5) was created
using the psfgen module of VMD. In sample 1 and 2, the dye molecules
were connected to the backbone of the DNA whereas, in sample 3, it
was connected to the thymine base.

The resulting systems were solvated with TIP3P water molecules’
using the Solvate plugin of VMD.®” Potassium, sodium, and chloride
ions were added to produce the experimental buffer conditions (12.5
mM KCl and 2 M NaCl) using the autoionize plugin of VMD. Each
final system measured 9 X 8 X 9 nm’ and contained approximately
60 000 atoms (Figure S5a).

The assembled systems were subjected to energy minimization using
the conjugate gradient method to remove the steric clashes between the
solute and solvent. Following that, we equilibrated each system for 10
ns while harmonically restraining the C1" atoms of DNA using a spring
constant of 1 kcal mol™' A™%. Subsequently, we equilibrated the systems
for an additional 10 ns with weaker harmonic restraints using a spring
constant of 0.1 kcal mol™" A™* while maintaining the hydrogen bonds
between the complementary base-pairs of DNA using the extrabond
utility of NAMD. Finally, we removed all the restraints (except the
terminal C1" atoms of each DNA strand) and performed approximately
1 ps long simulations of the systems using a constant number of atoms,
pressure (P = 1 bar), and temperature (T = 298 K) ensemble. In order
to mimic the connection of the DNA helices to the rest of the DNA
origami plate, we harmonically restrained the terminal atoms of each
DNA strand using a spring constant of 0.1 keal mol™" A™% Two sets of
simulations were carried out for each design to improve sampling of the
conformational space.

ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.0c10259.

Movie S1: 1 us long MD simulation trajectories of the
ATTO 647N dye in sample 1 in the dye-conjugated DNA
system (MPG)

Movie S2: 1 us long MD simulation trajectories of the
ATTO 647N dye in sample 2 in the dye-conjugated DNA
system (MPG)

Movie S3: 1 us long MD simulation trajectories of the
ATTO 647N dye in sample 3 in the dye-conjugated DNA
system (MPG)

Movie S4: 1 ps long MD simulation trajectories of Cy5 in
sample 1 in the dye-conjugated DNA system (MPG)
Movie S5: 1 s long MD simulation trajectories of Cy5 in
sample 2 in the dye-conjugated DNA system (MPG)
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1. Linking chemistry of ATTO 647N to DNA
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Figure S1: ATTO 647N linked through a C6 linker to DNA, at the 3 ’-end (a) or internally via
a thymine (b).

2. Modulation Data

Table S1: Number of traces that meet the condition of a modulation threshold of M >0.15 for

each studied sample with the probed fluorophores.
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structure fluorophore modulating fraction (M > 0.15)
ATTO 647N 95 % (out of 301)
sample 1 ATTO 643 93 % (out of 72)
Cy5 95 % (out of 151)
ATTO 647N 61 % (out of 303)
sample 2 ATTO 643 20 % (out of 319)
Cy5 88 % (out of 162)
sample 3 ATTO 647N 73 % (out of 224)
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Figure S2: Modulation distributions with standard deviation of the three measured samples

with the ATTO 647N dye (a-c). Modulation data for sample 1 and 2 with the dyes ATTO 643

(d-e) and Cy5 (f-g).

3. DNA-PAINT Data
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Due to the design of the DNA origami rectangle an upside down binding of the structure to the
functionalized surface is possible. The chiral DNA-PAINT pattern on the DNA origami
structure enables to distinguish flipped from non-flipped structures. Figure S 3a shows a
schematic of the chiral DNA-PAINT pattern and figure S 3b shows an image with the two

different binding possibilities, facing with the top up (orange square) or down (green square).

Furthermore, we can make a distance analysis of the measured DNA origami structures showing
that the measured distances (figure S 3c¢) fit well to the designed distances. For this kind of
analysis the super resolution data were first processed with the open source software Picasso'.

The localization files were exported for further analysis with self-written Labview software.
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Figure S3: DNA-PAINT super resolution sample design and data. Showing a schematic of the
asymmetric DNA-PAINT pattern (a) and super-resolved images of the DNA-PAINT
measurements (b, scale bar 100 nm), where structures lying with the top up (orange square) or
down (green square) can be distinguished. A histogram (c) is showing the measured distances

for the asymmetric pattern for 297 molecules.
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4. ATTO 647N dye orientation of flipped and non-flipped DNA origami structures

If both populations, non-flipped and flipped origami structures distinguished by the super
resolved images in figure S3, are plotted separately the histograms draw similar distributions.
This indicates that the orientation of the DNA origami structure on the surface does not has an
influence on the ATTO 647N dye sticking to the DNA. The histograms are plotted in figure S 4
and fitted with Gaussian distribution functions to extract the mean orientation with their

standard deviations.
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Figure S4: ATTO 647N dye orientation distributions with standard deviations of the three

samples. Separated Histograms of non-flipped and flipped samples show the same distributions

as the combined histograms in the first row.

5. All-atom molecular dynamics simulations
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Figure S5: (a) A representative snapshot of the fully assembled all-atom model of the ATTO
647N dye-conjugated DNA system. The template strand of the DNA origami structure is shown
in cyan, the staple strand carrying the dye molecule is shown in red and the other staple strand
is shown in orange. The atoms of the dye molecule are shown using green spheres whereas the
atoms of the C6 anchor between the dve and the DNA are shown using magenta spheres.
Sodium, potassium and chloride ions are shown using vellow, tan and light cyan spheres,
respectively. The volume occupied by water molecules is represented by a semi-transparent
white surface. (b) Schematics illustrating the definition of the angle (¢) between the helical axis
of the DNA and the dipole moment of the ATTO 647N dye molecule. (c¢) The angle between the
helical axis of the DNA and the dye molecule’s dipole as a function of simulation time for
sample 1, 2, and 3. The first 50 ns of each trace (vellow rectangle) were excluded from the
histogram analysis. (d). Histograms of the ¢ angles observed in the MD simulations of samples
1-3 with the preferred orientations marked (1-3). (e) Microscopic configurations of the
simulation systems corresponding to the preferred orientations of the dye labelled 1-3 in panel
d. Red, green and blue boundary box indicates microscopic configurations extracted from the

MD trajectories of sample 1, 2, and 3, respectively.

In addition to the simulations of the ATTO 647N dye-conjugated DNA system described in the main
text and Figure S5, four 1 ps-long equilibrium all-atom molecular dynamics simulations were performed
to study the orientation of a Cy5 dye conjugated to DNA in sample 1 and 2 geometries, two independent
simulations for each sample. Supplementary movie S4 and S5 illustrate the simulation trajectories.
During the simulations, the Cy5 dyes were observed to sample a wide range of orientations with respect
to the DNA axis (Figure S6 a, b). For sample 1, where the next two DNA bases after the attached dye
were missing, the Cy5 dye was frequently observed to engage in base stacking interactions with the
unpaired nucleotides. For sample 2, where all bases ware paired, the Cy5 dye was observed to transiently
bind to minor and major groves of its parent and neighboring DNA helices. The helical structure of the
DNA near the dye attachment point was better preserved in sample 2 than in sample 1. Unfortunately,
the simulation trajectories were too short to sample Cy5 orientations with enough statistics to make

quantitative conclusions about the preferred orientation of the dye.
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Figure S6: (a) Angle between the helical axis of DNA and the Cy5 molecule’s dipole as a
function of simulation time for sample 1 and 2. Two independent simulations were performed
for each sample. (b) Histograms of the angle distribution for sample 1 and sample 2
simulations. The first 50 ns of each simulation (vellow region in panel a) were excluded from

the histogram analysis.

6. Supplementary movies

Supplementary movies S1, S2 and S3 show a 1 ps long MD simulation trajectories of the
ATTO 647N dye-conjugated DNA systems corresponding to sample 1, 2 and 3, respectively.
Supplementary movies S4 and S5 shows the 1 ps long MD simulation trajectories of the Cy5
dye-conjugated DNA systems corresponding to sample 1 and 2, respectively. The scaffold
strand of the DNA origami structure is shown in cyan, the staple strand carrying the dye
molecule is shown in red and the other staple strand is shown in orange. The atoms of the dye
molecule are shown using green spheres whereas the atoms of C6 molecules (anchor between
the dye and DNA) are shown using magenta spheres. Water and counter ions are not shown for

clarity.
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7. DNA origami ssDNA strands

Table 1: Unmodified ssDNA strands

Sequence (5°-> 3¢)

Number

AGTATAAAGTTCAGCTAATGCAGATGTCTTTC

AATACTGCCCAAAAGGAATTACGTGGCTCA

ATCCCAATGAGAATTAACTGAACAGTTACCAG

TGGAACAACCGCCTGGCCCTGAGGCCCGCT

GAGGGTAGGATTCAAAAGGGTGAGACATCCAA

TTTCGGAAGTGCCGTCGAGAGGGTGAGTTTCG

CTACCATAGTTTGAGTAACATTTAAAATAT

GCCTCCCTCAGAATGGAAAGCGCAGTAACAGT

AGAAAACAAAGAAGATGATGAAACAGGCTGCG

O G0 | N | B W

AAAGCACTAAATCGGAACCCTAATCCAGTT

—
o

AATTGAGAATTCTGTCCAGACGACTAAACCAA

[
f—

TAGGTAAACTATTTTTGAGAGATCAAACGTTA

ot
[Se]

AGGCAAAGGGAAGGGCGATCGGCAATTCCA

[
(78]

CATTTGAAGGCGAATTATTCATTTTTGTTTGG

[a—
-+

ATACCCAACAGTATGTTAGCAAATTAGAGC

—
wn

CTTTAGGGCCTGCAACAGTGCCAATACGTG

—_—
(=)

TGTAGCCATTAAAATTCGCATTAAATGCCGGA

—
~J

CACCAGAAAGGTTGAGGCAGGTCATGAAAG

[am—
(=]

TTCCAGTCGTAATCATGGTCATAAAAGGGG

—
o

TCAAGTTTCATTAAAGGTGAATATAAAAGA

D
[=]

ACCCTTCTGACCTGAAAGCGTAAGACGCTGAG

3]
—

GCGAAAAATCCCTTATAAATCAAGCCGGCG

[N]
(R]

TTATTACGAAGAACTGGCATGATTGCGAGAGG

o
(98]

AAAGGCCGGAGACAGCTAGCTGATAAATTAATTTTTGT

[}
=

AAATCACCTTCCAGTAAGCGTCAGTAATAA

o]
h

CATCAAGTAAAACGAACTAACGAGTTGAGA

o
[=))

TTAGGATTGGCTGAGACTCCTCAATAACCGAT

S}
~

AGCGCGATGATAAATTGTGTCGTGACGAGA

o
=]

TGACAACTCGCTGAGGCTTGCATTATACCA

3]
o

10
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Sequence (5¢-> 3¢)

Number

TAATCAGCGGATTGACCGTAATCGTAACCG

30

GATGTGCTTCAGGAAGATCGCACAATGTGA

31

ACCGATTGTCGGCATTTTCGGTCATAATCA

32

GCCCTTCAGAGTCCACTATTAAAGGGTGCCGT

33

GCGAACCTCCAAGAACGGGTATGACAATAA

34

CTTTTACAAAATCGTCGCTATTAGCGATAG

35

AAACAGCTTTTTGCGGGATCGTCAACACTAAA

36

AAATTAAGTTGACCATTAGATACTTTTGCG

37

TACCGAGCTCGAATTCGGGAAACCTGTCGTGCAGCTGATT

38

AAGGAAACATAAAGGTGGCAACATTATCACCG

39

CTTAGATTTAAGGCGTTAAATAAAGCCTGT

40

ACCTTGCTTGGTCAGTTGGCAAAGAGCGGA

41

TAAATGAATTTTCTGTATGGGATTAATTTCTT

42

ACAAACGGAAAAGCCCCAAAAACACTGGAGCA

43

ATTATACTAAGAAACCACCAGAAGTCAACAGT

44

CTCGTATTAGAAATTGCGTAGATACAGTAC

45

CAGAAGATTAGATAATACATTTGTCGACAA

46

ATTTTAAAATCAAAATTATTTGCACGGATTCG

47

TTTATCAGGACAGCATCGGAACGACACCAACCTAAAACGA

48

TTGACAGGCCACCACCAGAGCCGCGATTTGTA

49

CGTAAAACAGAAATAAAAATCCTTTGCCCGAAAGATTAGA

50

GTTTATCAATATGCGTTATACAAACCGACCGTGTGATAAA

51

CTGAGCAAAAATTAATTACATTTTGGGTTA

52

ATGCAGATACATAACGGGAATCGTCATAAATAAAGCAAAG

53

GTATAGCAAACAGTTAATGCCCAATCCTCA

54

ATATTCGGAACCATCGCCCACGCAGAGAAGGA

55

TTATACCACCAAATCAACGTAACGAACGAG

56

GCTATCAGAAATGCAATGCCTGAATTAGCA

57

TCACCGACGCACCGTAATCAGTAGCAGAACCG

58

ATTATCATTCAATATAATCCTGACAATTAC

59

TTGCTCCTTTCAAATATCGCGTTTGAGGGGGT

60

GCCAGTTAGAGGGTAATTGAGCGCTTTAAGAA

61

11
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Sequence (5¢-> 3°) Number
CAGGAGGTGGGGTCAGTGCCTTGAGTCTCTGAATTTACCG 62
GAAATTATTGCCTTTAGCGTCAGACCGGAACC 63
AGGCTCCAGAGGCTTTGAGGACACGGGTAA 64
ATACATACCGAGGAAACGCAATAAGAAGCGCATTAGACGG 65
TTAATGAACTAGAGGATCCCCGGGGGGTAACG 66
GCCATCAAGCTCATTTTTTAACCACAAATCCA 67
AAGTAAGCAGACACCACGGAATAATATTGACG 68
AGCCAGCAATTGAGGAAGGTTATCATCATTTT 69
ATTACCTTTGAATAAGGCTTGCCCAAATCCGC 70
CGAAAGACTTTGATAAGAGGTCATATTTCGCA 71
CGATAGCATTGAGCCATTTGGGAACGTAGAAA 72
TCACCAGTACAAACTACAACGCCTAGTACCAG 73
TTAAAGCCAGAGCCGCCACCCTCGACAGAA 74
TCATTCAGATGCGATTTTAAGAACAGGCATAG 75
CCAGGGTTGCCAGTTTGAGGGGACCCGTGGGA 76
ACAACATGCCAACGCTCAACAGTCTTCTGA 77
GTAATAAGTTAGGCAGAGGCATTTATGATATT 78
AGACGACAAAGAAGTTTTGCCATAATTCGAGCTTCAA 79
GATGGCTTATCAAAAAGATTAAGAGCGTCC 80
TAAATCAAAATAATTCGCGTCTCGGAAACC 81
TTAACGTCTAACATAAAAACAGGTAACGGA 82
AACGCAAAGATAGCCGAACAAACCCTGAAC 83
ACGGCTACAAAAGGAGCCTTTAATGTGAGAAT 84
ACACTCATCCATGTTACTTAGCCGAAAGCTGC 85
TTAACACCAGCACTAACAACTAATCGTTATTA 86
GCCGTCAAAAAACAGAGGTGAGGCCTATTAGT 87
ATCGCAAGTATGTAAATGCTGATGATAGGAAC 88
TAAATCATATAACCTGTTTAGCTAACCTTTAA 89
CATGTAATAGAATATAAAGTACCAAGCCGT 90
CCTGATTGCAATATATGTGAGTGATCAATAGT 91
CCTAAATCAAAATCATAGGTCTAAACAGTA 92
TGAAAGGAGCAAATGAAAAATCTAGAGATAGA 93

12
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Sequence (5°-> 3¢) Number
GACCTGCTCTTTGACCCCCAGCGAGGGAGTTA 94
CCCGATTTAGAGCTTGACGGGGAAAAAGAATA 95
CATAAATCTTTGAATACCAAGTGTTAGAAC 96
GCGAGTAAAAATATTTAAATTGTTACAAAG 97
AATGGTCAACAGGCAAGGCAAAGAGTAATGTG 98
GACCAACTAATGCCACTACGAAGGGGGTAGCA 99
ACCTTTTTATTTTAGTTAATTTCATAGGGCTT 100
GCAAGGCCTCACCAGTAGCACCATGGGCTTGA 101
CAACTGTTGCGCCATTCGCCATTCAAACATCA 102
GACAAAAGGTAAAGTAATCGCCATATTTAACAAAACTTTT 103
AATACGTTTGAAAGAGGACAGACTGACCTT 104
CAGCGAAACTTGCTTTCGAGGTGTTGCTAA 105
TATAACTAACAAAGAACGCGAGAACGCCAA 106
ATCCCCCTATACCACATTCAACTAGAAAAATC 107
TATTAAGAAGCGGGGTTTTGCTCGTAGCAT 108
CCACCCTCTATTCACAAACAAATACCTGCCTA 109
TCAAATATAACCTCCGGCTTAGGTAACAATTT 110
GATGGTTTGAACGAGTAGTAAATTTACCATTA 111
TATATTTTGTCATTGCCTGAGAGTGGAAGATTGTATAAGC 112
AAAGTCACAAAATAAACAGCCAGCGTTTTA 123
GCGGATAACCTATTATTCTGAAACAGACGATT 124
CAGCAAAAGGAAACGTCACCAATGAGCCGC 125
TCATCGCCAACAAAGTACAACGGACGCCAGCA 126
CTTTTGCAGATAAAAACCAAAATAAAGACTCC 127

CACAACAGGTGCCTAATGAGTGCCCAGCAG

128

TGCATCTTTCCCAGTCACGACGGCCTGCAG

129

CGCGCAGATTACCTTTTTTAATGGGAGAGACT

130

TTTTATTTAAGCAAATCAGATATTTTTTGT

131

GAATTTATTTAATGGTTTGAAATATTCTTACC

132

AACACCAAATTTCAACTTTAATCGTTTACC

133

GCGCAGACAAGAGGCAAAAGAATCCCTCAG

134

GTACCGCAATTCTAAGAACGCGAGTATTATTT

135

13
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Sequence (5°-> 3¢)

Number

GCGGAACATCTGAATAATGGAAGGTACAAAAT

136

AGCAAGCGTAGGGTTGAGTGTTGTAGGGAGCC

137

GGCCTTGAAGAGCCACCACCCTCAGAAACCAT

138

TACGTTAAAGTAATCTTGACAAGAACCGAACT

139

AAGGCCGCTGATACCGATAGTTGCGACGTTAG

140

AATAGTAAACACTATCATAACCCTCATTGTGA

141

CGGATTGCAGAGCTTAATTGCTGAAACGAGTA

142

GATTTAGTCAATAAAGCCTCAGAGAACCCTCA

143

CTTATCATTCCCGACTTGCGGGAGCCTAATTT

144

AATAGCTATCAATAGAAAATTCAACATTCA

145

CTTTAATGCGCGAACTGATAGCCCCACCAG

146

AGAAAGGAACAACTAAAGGAATTCAAAAAAA

147

ACAACTTTCAACAGTTTCAGCGGATGTATCGG

148

GCACAGACAATATTTTTGAATGGGGTCAGTA

149

TTCTACTACGCGAGCTGAAAAGGTTACCGCGC

150

CAACCGTTTCAAATCACCATCAATTCGAGCCA

151

TCAATATCGAACCTCAAATATCAATTCCGAAA

152

TAAAAGGGACATTCTGGCCAACAAAGCATC

153

GTCGACTTCGGCCAACGCGCGGGGTTTTTC

154

GCCCGTATCCGGAATAGGTGTATCAGCCCAAT

155

AACGTGGCGAGAAAGGAAGGGAAACCAGTAA

156

GCAATTCACATATTCCTGATTATCAAAGTGTA

157

AAGCCTGGTACGAGCCGGAAGCATAGATGATG

158

CAAATCAAGTTTTTTGGGGTCGAAACGTGGA

159

CTCCAACGCAGTGAGACGGGCAACCAGCTGCA

160

AACGCAAAATCGATGAACGGTACCGGTTGA

161

CCAATAGCTCATCGTAGGAATCATGGCATCAA

162

CCACCCTCATTTTCAGGGATAGCAACCGTACT

163

AGGAACCCATGTACCGTAACACTTGATATAA

164

GTTTTAACTTAGTACCGCCACCCAGAGCCA

165

CCAACAGGAGCGAACCAGACCGGAGCCTTTAC

166

TTTTCACTCAAAGGGCGAAAAACCATCACC

167

14
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Sequence (5°-> 3¢) Number
TCTAAAGTTTTGTCGTCTTTCCAGCCGACAA 168
TCGGCAAATCCTGTTTGATGGTGGACCCTCAA 169
TCCACAGACAGCCCTCATAGTTAGCGTAACGA 170
AGAGAGAAAAAAATGAAAATAGCAAGCAAACT 171
TAAGAGCAAATGTTTAGACTGGATAGGAAGCC 172

Table 2: Modified ssDNA strands.

Sequence (5° ->3¢) Number
Biotin strands

Biotin-TAGAGAGTTATTTTCATTTGGGGATAGTAGTAGCATTA 173
Biotin-GAAACGATAGAAGGCTTATCCGGTCTCATCGAGAACAAGC 174
Biotin-ATAAGGGAACCGGATATTCATTACGTCAGGACGTTGGGAA 175
Biotin-AGCCACCACTGTAGCGCGTTTTCAAGGGAGGGAAGGTAAA 176
Biotin-GAGAAGAGATAACCTTGCTTCTGTTCGGGAGAAACAATAA 177
Biotin-CGGATTCTGACGACAGTATCGGCCGCAAGGCGATTAAGTT 178

DNA-PAINT functionalized strands

ACGCTAACACCCACAAGAATTGAAAATAGCTTAAATGCCCG 179
TTTAGGACAAATGCTTTAAACAATCAGGTCTTAAATGCCCG 180
TGTAGAAATCAAGATTAGTTGCTCTTACCATTAAATGCCCG 181
AACAGTTTTGTACCAAAAACATTTTATTTCTTAAATGCCCG 182
ATATTTTGGCTTTCATCAACATTATCCAGCCATTAAATGCCCG 183
GCCTTAAACCAATCAATAATCGGCACGCGCCTTTAAATGCCCG 184
GAGAGATAGAGCGTCTTTCCAGAGGTTTTGAATTAAATGCCCG 185
GCTTTCCGATTACGCCAGCTGGCGGCTGTTTCTTAAATGCCCG 186

15
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Sequence (5° ->3°) Number
TCTTCGCTGCACCGCTTCTGGTGCGGCCTTCCTTAAATGCCCG 187
GCCCGAGAGTCCACGCTGGTTTGCAGCTAACTTTAAATGCCCG 188
TTTACCCCAACATGTTTTAAATTTCCATATTTAAATGCCCG 189
AACAAGAGGGATAAAAATTTTTAGCATAAAGCTTAAATGCCCG 190
CTGTAGCTTGACTATTATAGTCAGTTCATTGATTAAATGCCCG 191
CTGTGTGATTGCGTTGCGCTCACTAGAGTTGCTTAAATGCCCG 192
CACATTAAAATTGTTATCCGCTCATGCGGGCCTTAAATGCCCG 193
GTTTATTTTGTCACAATCTTACCGAAGCCCTTTAATATCATTAAATGCCCG 194

Table 3: Replaced ssDNA strands.

Sequence (5¢ ->3°) Replaced
Staple
Number

Strands for sample 1

CGAAAGACTTTGATAAGAGGTCATATTTCG-ATTO 647N 71

Strands for sample 2

CGAAAGACTTTGATAAGAGGTCATATTTCG- ATTO 647N 71

CAAATGGTCAACAGGCAAGGCAAAGAGTAATGTG 89

Strands for sample 3

TAAGAGCAAATGTTTAGACTGGATAG-dT ATTO 647N-AAGCC 172

Imager strand: CGGGCAT-ATTO 542

16
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rectangular DNA origami structuret
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Philip Tinnefeld*

A rectangular DNA origami structure is one of the most studied and often used motif for applications in
DNA nanotechnology. Here, we present two assays to study structural changes in DNA nanostructures
and reveal a reversible rolling-up of the rectangular DNA origami structure induced by bivalent cations
such as magnesium or calcium. First, we applied one-color and twa-color superresolution DNA-PAINT
with protruding strands along the long edges of the DNA crigami rectangle. At increasing salt concen-
tration, a single line instead of two lines is observed as a first indicator of rolling-up. Two-color measure-
ments also revealed different conformations with parallel and angled edges. Second, we placed a gold

nanoparticle and a dye molecule at different positions on the DNA origami structure. Distance dependent

Received 25th November 2021,
Accepted 1st May 2022

DOI: 10.1039/d1nrQ7793g

fluorescence guenching by the nanoparticle reports on dynamic transitions as well as it provides evidence
that the rolling-up occurs preferentially along the diagonal of the DNA origami rectangle. The results will
be helpful to test DNA structural models and the assays presented will be useful to study further structural

rscli/nanoscale transitions in DNA nanotechnology.

DNA origami structures have matured into a widely adopted
technique for nanofabrication and for biophysical tools." ® On
the one hand, the DNA origami structure has been exploited
as a modular platform to arrange other molecular or nanoscale
entities such as chemical functionality, proteins, antigens or
nanoparticles that obtain their functionality from the precise
geometric and stoichiometric arrangement.>™ On the other
hand, DNA origami structures exhibit flexibility that can
describe the intrinsic mechanical stiffness of a DNA origami
structure.'™"" Mechanical flexibility can also be designed by
creating flexible elements such as joints,"””** hinges,
nanes/interlocked systems,'” and could be transiently adapted
using tools of dynamic DNA nanotechnology such as strand
displacement reactions.'® Generally, the dynamic flexibility of
DNA origami struetures is difficult to access as structural tools
usually yield average values and dynamic, little invasive tools
are required including optical'®**** and mechanical single-
molecule methods'®>" as well as computational tools such as
molecular dynamics simulations.”

The rectangular DNA origami structure of the original
Rothemund publication® and its torsion-reduced variants such
as the so-called nmew rectangular origami (NRO)* have

cate-
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emerged as model systems to interrogate the stiffness and
dynamics of a 2D nucleie acid structure.****** Recent
oxDNA*® simulations indicated that the NRO exhibits substan-
tial structural dynamics and tends to dynamically twist along
the two diagonal axes.*” It has also been shown that NROs can
roll up and form tubes when strands protruding from one long
edge hybridize to strands protruding from the opposite long
axis edge. Thus, this DNA origami structure is finally rolled-up
along its long axis as was visualized by atomic force
microscopy.” Tn parallel, it was observed that the distance
between fluorescent marks on the NRO showed salt dependent
changes. Interestingly, marks along the diagonal showed
decreasing distances with increasing magnesium concen-
tration whereas marks along the axis of the DNA backbone
showed slight distance increases in accordance with a model
that suggest reduced distances between adjacent helices due
to increased screening and higher ionic strength.?**®

Here, we introduced two new assays to study the flexibility
of the NRO and reveal a transition between the flat form of the
NRO and a rolled-up conformation that was induced by bi-
valent ions such as magnesium or calcium. First, we used
DNA-PAINT* and two-color DNA-PAINT* on extended DNA
staples along the long edges of the NRO that provides struc-
tural information. DNA-PAINT images revealed the presence of
slightly compacted flat and fully rolled-up DNA origami struc-
tures at high concentration of bivalent ions. Second, we used
energy transfer between a dye and a 10 nm gold nanoparticle
to visualize distance changes induced by structural changes of

Nanoscale
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the DNA origami rectangle. These measurements revealed a
two-state system with dynamic switching between the flat and
rolled-up conformations on a second time scale.

Overall, we revealed high flexibility of a 2D DNA origami
structure that showed salt dependent structural changes not
only in two but also in three dimensions. Using salt concen-
trations as a stimulus, different conformations of DNA origami
structures were accessed even without insertion of special
motifs such as hinges or joints or DNA hybridization locks.
Our assays for accessing the structural properties of the DNA
origami structure provided high time resolution (energy trans-
fer assay) and high structural information (DNA PAINT
imaging) on the single-molecule level, overall yielding a com-
prehensive picture of the underlying processes.

Results and discussion

The NRO consists of 24 helices organized in a square lattice
with dimensions of 71 x 85 nm (Fig. 1a). The structure is a
twist-corrected version of the original RRO* called NRO.* We
immobilized the NRO on BSA-biotin-NeutrAvidin coated cover-
slip by incorporating two biotin-labeled staple strands. The
locations of the biotin strands were chosen close to the center
of the DNA origami structure so that maximal conformational
freedom of the DNA origami structure was maintained while
excluding rotational degrees of freedom.™

In the first assay, we designed a DNA-PAINT (points
accumulation for imaging in nanoscale topography) experi-
ment to study the salt-dependence of the structure of the DNA
origami rectangle.”® We therefore equipped 56 staple strands
with 11 bp single-stranded protrusions. The protruding
strands were located along the long edges of the DNA origami
structure (Fig. 1a). A 6 bp imager strand labeled with ATTO 655
transiently binds to the protruding docking strands with
binding times on the millisecond time scale. Imaging by TIRF
microscopy and subsequently localizing the single-molecule
binding events yields superresolved images of the DNA
origami structures (see Fig. 1b and ¢, and ESI for experimental
methodst). The two parallel lines on the DNA origami struc-

b
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ture were clearly resolved. Comparing DNA-PAINT images in
Fig. 1b obtained at low Mg”™ concentration (12 mM) and
Fig. 1c (high Mg”", 500 mM) gave the impression that the lines
had a smaller distance at higher Mg®* concentration. For
quantification, structures showing two parallel lines were
picked and the distance between the lines was extracted with
home-written LabView software. The distances are plotted in
Fig. 1d and clearly show a decrease in the measured distance
at an increase of the salt concentration. These findings repro-
duced well the reported distance reduction along the diagonal
of the NRO.*® Based on the data of the previous work, a dis-
tance reduction along the short edge of the NRO from 0 to
500 mM MgCl, of 37% was calculated.*® The distance
reduction found in our data was 21% for an increase of salt
from 12 to 500 mM MgCl,. As the distance reduction was most
pronounced at low Mg”' concentration and saturated beyond
100-200 mM MgCl, both data sets showed a good match. The
origin of the reduced distance lies in the increased screening
of repulsive charges in the backbones of parallel oriented DNA
helices at higher salt concentrations.”

Besides DNA origami structures showing the two lines (as
for all DNA origami structures at 12 mM MgCl, in Fig. 1b)
DNA origami structures showing only one line in superresolu-
tion experiments appeared at higher Mg*" concentration (see
yellow arrows in Fig. 1c). For these one-line structures, we sus-
pected a conformation in which the two lines collapsed on top
of each other. Rolling-up of the DNA origami rectangles could
vield such a superposition of the edges.

To better visualize the collapsed structures, we substituted
one of the lines on the NRO for the one-color experiment by a
second sequence to perform two-color DNA-PAINT experi-
ments (Fig. 2a and b). This sequence showed a repetitive
sequence™ on the DNA origami structure with a length of 12
bp. In order to perform the two-color experiment additional to
the ATTO 655 imager an imager strand complementary to the
second sequence with a length of 7 bp and a Cy3B attached to
it was used. The two-color experiment corroborates the idea
that the single-line structures also seen in the one-color
measurements (Fig. 2¢ and d) indeed represent structures in
which the two sides of the DNA origami rectangle are

500 mM MgCl. d
= 1t
Eoltt 1}y
3
c
3 20
©
00— 200 800

MgCl, concentration [mM]

(a} Sketch of the rectangular DNA origami structure used for DNA-PAINT measurements with extended staple strands for imager binding and

biotin labels for surface immobilization. Exemplary superresolved DNA-PAINT images of the two lines on the DNA origami structure at 12 mM MgCl,
(b) and at 500 mM MgCl; (c). (d) Distances and standard deviation of the two parallel lines on the DNA crigami structures measured as a function of

salt concentrations.
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Fig. 2 Two-color (a and b) and one-color (¢ and d) DNA-PAINT experiments of the DNA origami rectangle labeled along the long sites at 12 and
500 mM MgCl,. (e)-(h) show exemplary structures of the two color experiment in (b). (e) Exemplary structures of the DNA origami structure in the
unshifted flat and rolled-up state. (f) DNA origami structures showing a shift (difference between the cyan and red dashed lines) between the green
{cyan) and the red (red) imaged sites. Tilted lines with different angles of two separated (g) and overlapping (h) lines. Superresolved onhe-color
images of a DNA origami rectangle labeled with a 6 nm grid at 12 and 500 mM MgCl; (i and j).

collapsed on top of each other (see white structures in false
color images of Fig. 2b). Interestingly, having a closer look at
structural details of individual structures we find quite
different arrangements that indicate possible geometries of
the rolled-up structures (Fig. 2e-h). First, we find structures
with parallel lines that could indicate rolling-up along an axis
parallel to the axis of the DNA double-helices in the DNA
origami structure (Fig. 2e). We, however, also observe a similar
fraction of structures that exhibit parallel lines but show a
longitudinal offset (Fig. 2f). This geometry was expected for
rolling-up around a diagonal axis of the DNA origami struc-
ture. Next, we found many structures with non-parallel lines
implying angles between the sides. When these structures
have longitudinal offset rolling-up occurred incompletely from
one side about a diagonal axis (see Fig. 2g, 3" example). More
often, however, we observe angles without an offset. This
could be explained if rolling up occurs from both edges start-
ing from the same short side of the DNA origami rectangle
forming a cone-like structure.

An observation made with the two-color experiments was
that the fraction of fully rolled-up structures (i.e. only a single
line visible) at 500 mM MgCl, was reduced from 30% to 15%.
We suppose that the different sequences used in the two

This journal is © The Roval Society of Chemistry 2022

DNA-PAINT experiments could have an impact on the rolling
up of the DNA origami rectangles and that the rolled-up struc-
tures are stabilized by interactions between the protruding
docking strands. To this end, we carried out an additional
experiment with the whole DNA origami structure covered with
docking strands in a grid with 6 nm distances between adja-
cent docking strands. At low magnesium concentration, these
DNA origami structures appear as rectangular patches in the
superresolution image (Fig. 2i). At high magnesium concen-
tration, however, almost 100% of the structures collapse into a
single line (Fig. 2j). Inspection of the docking site sequence
used for one-color DNA-PAINT reveals that up to four AT inter-
actions can occur that could cooperatively stabilize the rolled-
up structures. These interactions are absent between the
different PAINT sequences of the two-color experiment which
might explain the sequence dependent results.

To get further insight into the DNA origami conformation
and to test whether the magnesium induced conformational
transition also occurs in the absence of stabilizing interactions
between protruding DNA PAINT docking strands, we designed
a second assay that reported on local and dynamic confor-
mational changes by energy transfer between a donor dye and
a 10 nm gold nanoparticle as acceptor. The advantage of

MNanoscale
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energy transfer from a dye to a nanoparticle in comparison to
the energy transfer between two dyes (Forster Resonance
Energy Transfer, (FRET)) is that the distance dependence is
shallower and exhibits a longer distance range with 10.4 nm
distance for 50% energy transfer efficiency.”® In addition,
acceptor photobleaching is avoided.

A single red fluorophore (ATTO 647N) was placed close to
one corner of the NRO and a 10 nm gold nanoparticle was
placed in the front central part of the structure (Fig. 3a). This
location of the nanoparticle was chosen so that putative dis-
tance changes associated with a rolling-up of the NRO were
within the dynamic range of the assay.

We used two-color confocal single-molecule microscopy on
a home-built setup with pulsed 532 nm and 639 nm excitation
and detection by time-correlated single-photon counting (see
ESI for methods and details of the optical setupt). The
binding of a nanoparticle to each individual DNA origami
structure was verified by a green fluorescent dye (ATTO 532)
placed in close proximity to the NP binding site. Confocal
scans with alternating 532 nm and 639 nm excitation were
recorded. First, the confocal scans with 532 nm excitation were
analyzed. Therefore, the fluorescence intensity scan image
(Fig. 3b) was transformed into a fluorescence lifetime image
(Fig. 3¢ by pixel-wise fluorescence lifetime fitting probing the
presence of a NP. Spots showing a reduced fluorescence
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lifetime around 1 ns indicated NP binding as seen in the fluo-
rescence lifetime image (Fig. 3¢). The fluorescence lifetime his-
togram in Fig. 3d shows the high vield of NP binding as the
unquenched fluorescence lifetime of ATTO 532 was 3.8 ns. We
carried out controls to ensure that the fluorescence lifetimes
of the dyes were independent of ion concentration (Fig. S2a
and bf).

Next, the scan with 639 nm excitation reported on the pro-
perties of the geometry-indicating dye ATTO 647N. To this end,
fluorescence intensity scans were taken in a salt exchange
experiment (Fig. 3e). Following the same procedure as for the
analysis of the green ATTO 532 dye the fluorescence intensity
images (Fig. 3e) were converted into fluorescence lifetime
images (Fig. 3f). For further analysis of the fluorescence life-
time distributions, only spots were considered for which the
presence of a NP was verified by the shortened fluorescence
lifetime of the ATTO 532 dye in the previous 532 nm scan. As
seen in Fig. 3f, at 12 mM MgCl,, the fluorescence lifetime of
ATTO 647N was unquenched with a distribution around 4 ns
(Fig. 3g). The unquenched population indicated that no strong
conformational changes were detected at 12 mM MgCl,, i.e. in
a range where superresolution imaging yielded a measurable
distance reduction along the diagonal.*® After incubation for
30 min with higher Mg®" concentration of 1000 mM, the fluo-
rescence intensity scans showed darker spots that were corre-
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4.5 fluorescence lifetime [ns]
fl. lifetime [ns]

photons/ pixel

Fig. 3 Sketch of the rectangular DNA origami structure (a) with attached ATTO 647N (red), ATTO 532 (green) located under a 10 nm gold nano-
particle (Au NP, yellow) and biotins (blue} on the bottom side of the DNA origami structure. (b) Fluorescence intensity scan image with 532 nm exci-
tation showing the fluorescence of ATTO 532. (c) Fluorescence lifetime image corresponding to the fluorescence intensity image in (b). (d) Spot-
integrated fluorescence lifetime distribution of the quenched ATTO 532 spots from images such as in (b). The shortened fluorescence lifetime com-
pared to the unquenched fluorescence lifetime of 4.0 ns indicates quantitative NP binding. {e) Consecutive confocal scan images with an excitation
of 639 nm to detect the fluorescence of ATTO 647N in a salt exchange experiment. In (e), the same area was scanned three times, at a concentration
of 12 mM MgCl,, after the addition of a higher salt buffer at 1000 mM MgCl,, and after salt reduction to 12 mM MgCls. (f) Fluorescence lifetime
images corresponding to the fluorescence intensity images in (e). (g) Distributions of the fluorescence lifetime of ATTO 647N extracted from the
scan images in (f) revealing two populations for the rolled-up (1.2 ns) and flat (4.0 ns) DNA origami geometries. The rolling-up and recovery expetri-
ment was performed for in total 144 DNA origami structures.

Nanoscale This journal is © The Royal Society of Chemistry 2022
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lated with decreased fluorescence lifetime (see consecutive
images of the same area in Fig. 3e and f). Integrating all
photons from a single-molecule spot for fluorescence lifetime
fitting, we created fluorescence lifetime histograms of the DNA
origami structures under the different conditions. Fig. 3g
shows a histogram with the undisturbed fluorescence lifetime
of 4.0 ns at 12 mM MgCl, and the additional fluorescence life-
time population at 1.2 ns for 1000 mM MgCl,. 1.2 ns corre-
sponded to an estimated distance between the dye and the
nanoparticle surface of about 7.5 nm which agreed with a
rolled-up conformation of the DNA origami structure (see
sketches in Fig. 3g and ESI section 97).”* The fraction that was
not changing shape could be related to local surface inter-
actions which might be stronger for some DNA origami struc-
tures than for others. Next, we studied the reversibility of this
structural transition and reduced the Mg?' concentration back
to 12 mM. In the scans of the same area, all spots that had the
shortened fluorescence lifetime at 1000 mM Mg*' returned to
the long fluorescence lifetime around 4 ns (only molecules
were considered that were detected in all three scans). The full
recovery showed the reversibility of the transition that also
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occurs in the absence of DNA PAINT docking strands (Fig. 3f
and g).

To also answer the question whether the transition to the
quenched state was gradually dependent on Mg>" or whether
we observed a two-state system we studied the Mg”* depen-
dence with additional steps at 250 mM and at 500 mM. For
each molecule considered for fluorescence lifetime histo-
grams, the presence of the Au-nanoparticle was ensured by the
shortened fluorescence lifetime of the reference dye ATTO 532
(Fig. 4a). The fluorescence lifetime histograms were extracted
from fluorescence transients of molecules placed in the con-
focal laser spot (Fig. 4b). Interestingly, we observed the same
fluorescence lifetime populations at 1.3 ns and at 4.0 ns for all
concentrations but the fraction of the short fluorescence life-
time populations was constantly increasing (Fig. 4b). Higher
concentrations of 1500 mM MgCl, did however not lead to a
further increase of the low fluorescence lifetime fraction (ESI
Fig. S21). We concluded that the transition occurred between
two defined states different to the gradual distance changes
obsetved by superresolution microscopy for lower Mg” con-
centrations (see superresolution images in Fig, 1 and ref, 23).

a artosz b ATTO 647N
1) MgClz 12 mM MgClz 250 mM MgClz 500 mM MgCl: 1000 mM MgClz
E1 f long fl. lifetime  short fi. lifetime
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2 ACaCl CaClz
g 1
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Fig. 4

(a) Fluorescence lifetime histograms of ATTO 532 (a) and of ATTO 647N in a titration experiment with MgCl; (b; 12-1000 mM MgCl,). (c)

Fluorescence intensity and lifetime transients of ATTO 647N with corresponding histograms at 500 mM MgCl, at a binning of 100 ms showing
fluctuations between two states. (d) Fluorescence lifetime histograms of ATTO 532 (d) and of ATTO 647N in a titration experiment with CaCl; (e;
8-1000 mM CaCl,}. Spots integrated into the histograms in (b) and (e) showed a quenched fluorescence lifetime of the ATTO 532 reference dye.
Both distributions showed two fluorescence lifetime populations at 4.0 ns and at 1.3 ns. (f) Summary of the data from (b) and (e} showing the par-
ticular fractions of long and short flucrescence lifetime at different salt concentrations for MgCl; (rose) and CaCl, (turquois). (g) Supposed geome-
tries of the DNA origami structure at 4.0 ns and 1.3 ns correspending to a flat and rolled-up state (images modified from CanDo simulations>*3%),
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In many cases, the transients showed strong fluorescence
intensity fluctuations that were directly correlated with fluo-
rescence lifetime fluctuations (see exemplary transient in
Fig. 4c recorded at 500 mM Mg*'). Obviously, many DNA
origami structures (20-30% of all transients except for the
12 mM Mg*" transients) dynamically switched between the two
states with some additional fluctuations especially in the
regime of weak quenching. These dynamics were well in
accordance with the idea that the rectangular DNA origami
structure is a highly flexible, dynamic structure.>">>?7>¢
However, one conformation with small distance between dye
and nanoparticle was clearly preferred over other intermediate
populations yielding the 1.2 ns population visible in the fluo-
rescence lifetime histograms.

The fact that the structural transition is induced by the bi-
valent cations was confirmed by corresponding measurements
with calcium instead of magnesium. The results of the
calcium titration experiment are illustrated in Fig. 4d and e
and show the same tendency as in the magnesium experiment,
The shortened fluorescence lifetime of the reference dye ATTO
532 was again used to select DNA origami structures with Au-
nanoparticle. The short fluorescence lifetime population of
ATTO 647N started to be more pronounced for lower cation
concentrations of calcium than magnesium. These findings
are summarized in Fig. 4f, where the fractions of long (dark
colors) and short (light colors) fluorescent lifetime populations
were plotted against the different salt concentrations of Mg
(rose) and Ca®* (turquois). The stronger response of the DNA
origami structure in the Ca*" titration was likely related to the
stronger affinity of the cation to the DNA. As the hydration
shell of Ca®" is softer than the one of Mg”" water ligands could
be replaced more easily and the cation could reach places that
are not accessible for magnesium.’” In this context, we made
the peculiar observation that the rolling-up of the DNA
origami structure was suppressed when directly switching
from Mg to Ca®* indicating different binding sites of the two
ions and a kind of memory effect even after extensive washing
that was in accordance with long-lived salt-nucleic acid inter-
actions also observed for Holliday Junctions™ (see details in
ESI and Fig. S31).

All data discussed so far were in accordance with the idea
of salt-induced rolling-up of the DNA origami structure but left
open the question of the preferential axis about which rolling-
up occurs. Rolling-up could occur parallel to the long axis as
suggested for rolling-up by hybridization® or along the diag-
onal as suggested by oxDNA simulations®” and for intercalator-
induced twisting.”® We therefore estimated the expected dye-
nanoparticle distance from geometrical models of the rolling-
up around the two different axes (see ESI section 9 and
Fig. $47 for details) and compared to the experimental dis-
tance of 7.5 nm, For rolling-up parallel to the long axis of the
DNA origami structure a distance of 12.2 nm was calculated
and a distance of 8.5 nm was determined for rolling-up paral-
lel to the diagonal of the DNA origami structure showing a
clear tendency that rolling-up is more likely to occur around
the diagonal axis in accordance with the fluctuation dynamies
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observed in simulations.”” By superresolution imaging, we
observed that interactions of DNA-PAINT docking strands pro-
moted rolling-up. For a maximized number of interactions of
the docking strands also rolling-up about the parallel axis
could be promoted indicating a rather shallow energy land-
scape with respect to the axis of the transformation. Overall,
our observations were in agreement with a fluctuating rec-
tangular DNA origami structure that was caught in a rolled-up
conformation when the concentration of bivalent ions was
high enough to connect the two sides of the DNA origami
structure by salt-bridges.

Finally, we wondered whether high salt concentration also
had a substantial influence on the functioning of complex 3D
DNA origami devices. Here we studied Holliday Junction®
dynamics in a DNA origami force elamp®™*' and found that
high Mg?' concentration did not substantially alter the force
applied to the Holliday Junction (see discussion in ESI section
10 and Fig. 857). This is in accordance with our idea that the
salt is not directly modulating the structure of the
DNA origami rectangle e.g. by changing the helicity but helped
to capture one specific conformation by connecting the
long edges of the rectangular DNA origami structure by salt
bridges.

Conclusion

We designed two single-molecule assays to study structural
influences of bivalent cations on the rectangular DNA origami
structure. Both DNA-PAINT and dye-nanoparticle energy trans-
fer experiments indicated a rolling-up of the rectangular DNA
origami structure when the salt concentration was increased.
The two-state switching between a flat and a rolled-up confor-
mation was different to the moderate gradual distance
changes at low Mg®* concentration that was observed pre-
viously by superresolution microscopy. Superresolution two-
color experiments revealed different conformations of the two
edges with respect to each other. The dye-nanoparticle energy
transfer experiment revealed the dynamic nature of the revers-
ible transition and also provided evidence that rolling-up pre-
ferentially occurred around the diagonal axis of the DNA
origami structure in the absence of additional docking site
interactions. We suppose that the rolled-up conformation was
a result of cation bridging between the backbones at high salt.
The experiments were well-suited to compare to structural
models of DNA origami structures as rolling-up around the
diagonal axis was predicted by oxDNA simulations. In
addition, the presented assays should be well-suited to study
other structural transitions in DNA nanotechnology and can
even help to reveal how different ions such as caleium and
magnesium interact differently with DNA,
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1. DNA Origami Structure

The DNA origami structure was designed using the CaDNAno software.! A 7249-nucleotide
long single stranded DNA sequence (scaffold) from the M13mp18 bacteriophage was folded
into the designed 71 x 85 nm rectangular shape by the help of short single stranded staple
strands. The staple strands were mixed with the scaffold strand in a 10-fold excess. Unmodified
staple strands were purchased from IDT, biotinylated strands, nanoparticle binding strands and
the ATTO 647N strand were purchased from Eurofins Genomics GmbH. The DNA origami
structures were folded using a temperature ramp starting at 70 °C held for 5 min and then the
temperature was stepwise decreased with a gradient of 1 °C per minute down to 25 °C. After
the folding process, excess staple strands were removed from the sample by gel electrophoresis.
Therefore, a 1.5% agarose gel (Biozym LE Agarose) was prepared. A gel electrophoresis
chamber was filled with the running buffer (0.5xTAE 11 mM MgCl,) and the pockets of the
gel were loaded with the unpurified samples and a 10x BlueJuice™ Gel loading buffer (Thermo
Fischer Scientific). The cooled electrophoresis ran at 80 V for 90 min, afterwards the bands
containing the purified DNA origami structures were cut out and squeezed with a glass slide to
retrieve the purified DNA origami structures. The final concentration of the sample was

determined on a Nanodrop 2000 spectralphotometer (Thermo Fischer Scientific).

In order to proof the correct folding and to validate that the rectangular structure of the DNA

origami was also stable in the CaCl, buffer, AFM images were acquired (Figure S1).

a NRO at 12 mM MgCl. b NRO at 8 mM CaCl.

s

Figure S1: AFM images of the purified rectangular DNA origami structures (NRO) at 12 mM
MgCl; (a) and at 8 mM CaCl; (b).

For the AFM measurements a Nanowizard 3 ultra (JPK, Berlin) equipped with a cantilever (BL-

AC-40TS, Olympus, Japan) was used. The mica surface (plano, Berlin) was cleaved with
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adhesive tape and incubated for 5 min with 10 pL. 0.01 M NiCl2 solution to positively charge
the surface. After incubation, the surface was cleaned three times with 300 uL ultrapure water
and gently dried under a constant air flow. The DNA origami solution was diluted with AFM-
buffer (40 mM Tris, 2 mM EDTA, 12.5 mM Mg(OAc), * 6 H,0) to a final concentration of
1 nM, added to the mica surface and incubated for 5 min. The mica surface afterwards was
washed three times with 300 pL. AFM-buffer and filled up to a volume of 1.2 mL. AFM-buffer.
3 x 3 um images were taken with a scanning speed of 1 Hz and a resolution of 512x512 pixels.

The images were processed with the JPK data Processing software (JPK, Berlin).

2. Gold Nanoparticle Functionalization

Gold nanoparticles (Au NP) were decorated with single stranded DNA sequences for
attachment to DNA origami structures. For this purpose, 2 mL of 10 nm Au NPs were mixed
with 20 uL. 10% Tween20 and 20 puL potassium phosphate buffer (4:5 mixture of 1 M
monobasic and dibasic potassium phosphate, Sigma Aldrich). The mixture was heated to 40 °C
and 30 pL of 2 nmol thiol-modified single stranded DNA functionalized at the 3’-end (T»s, Ella
Biotech) were added. A salting procedure to reach a final concentration of 750 mM NaCl was
carried out by adding a 1xPBS buffer with 3300 mM NaCl every 3 minutes. After salting,
unbound DNA strands were removed by centrifugation at 14000 g for 45 min. In this step, the
functionalized NPs precipitated and the unbound DNA strands stayed in solution, that was
removed after each centrifugation step. The functionalized and concentrated Au NPs were re-
diluted after each step with a 1xPBS 10 mM NaCl, 2.11 mM P8709 buffer (Sigma Aldrich).

After seven centrifugation steps the particles were kept at high concentration.

3. Sample Preparation for Confocal Measurements

For measurements, the DNA origami constructs were immobilized on functionalized
coverslips. The coverslips (24 mm x 60 mm, 170 um thickness; Carl Roth GmbH) were rinsed
with Milli-Q water and cleaned in a UV cleaning system (PSD Pro System. Novascan
Technologies) for 30 min at 100 °C. After the cleaning, a micro adhesive SecureSeal™
Hybridization Chamber (Grace Bio-Labs) was glued onto the coverslip. The surfaces were
incubated first with BSA-biotin (1 mg/mL, Sigma Aldrich) for 10 min and second with
neutrAvidin (0.5 mg/mL, Sigma Aldrich). After each incubation step, the surfaces were washed

with 1xPBS buffer. The DNA origami structures were immobilized with a concentration of
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30 pM in a 1XTAE 12 mM MgCl, buffer. After incubation of the DNA origami structures the
functionalized Au NPs were attached to the DNA origami structures by incubation in a I1XTAE
750 mM NaCl buffer for 30 min. Then unbound NPs were washed out by a 1xXTAE 750 mM
NaClbuffer. Later the buffer was replaced by the measurement buffer based on a 1XTAE buffer
with X mM MgCl,/CaCl, (X = 12/8, 250, 500. 1000) that also contained trolox/troloxquinone
as reducing and oxidizing system (ROXS, 1x TAE, 2 mM trolox/troloxquinone, 1% (w/v) D-
(+)-glucose; Sigma Aldrich) as well as glucose/glucose oxidase as oxygen scavenging agent (1
mg/mL glucose oxidase, 0.4% (v/v) catalase (50 pg/mL), 30% glycerol, 12.5 mM KCI in

50 mM TRIS; Sigma Aldrich) to acquire long fluorescence transients.

4. Sample Preparation for Wide-Field Measurements

For wide-field measurements, LabTek™ chamber slides (Thermo Fisher Scientific Inc.) were
incubated with Helmanex overnight and afterwards washed with a 1xPBS buffer. After
cleaning, the surface was functionalized using the same protocol for BSA-biotin and
neutrAvidin as described above. The DNA origami structures were immobilized by incubating
the coverlips with a 30 pM concentration in a 1XTE 12 mM MgCl, buffer. For measurements,
the buffer was exchanged to a 1XTAE buffer containing different concentrations of imager
strands (6 bp, ATTO 655 or 7 bp, Cy3B) for the DNA-PAINT experiments (see Table SI, S2
and S3).

Table S1: Concentrations of imager strands used at different MgCl, concentrations.

¢(MgCl) [mM] | e¢(imager strand) [pM]
12 250

50 1000

100 1000

250 250

500 500

750 500

1000 1000
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Table S2: Concentrations of imager strands used in the two-color experiments at different salt
concentrations.

¢(MgCl,) [ImM] c(red imager strand) [pM] | ¢(green imager strand) [pM]
12 1000 750
500 3000 1500

Table S3: Concentrations of imager strands used at different MgCl, concentrations.

¢(MgCl,) [mM] c(imager strand) |[pM]
12 250
500 1000

5. Confocal Setup

Confocal measurements were performed on a home-built confocal setup based on an inverted
Olympus IX81 microscope. For excitation, a 78 MHz pulsed white light laser (SuperK Extreme,
NKT Photonics) was used. The wavelength was set to 639 nm and 532 nm by an AOTF
(201608R, Crystal Technology Inc.). To alternate the red and green excitation a second AOTF
(AA.AOTF.nsTN, A-Opto-Electronic) was used. The excitation laser passed through a neutral
density filter (ndF, OF 0-2, Thorlabs) and was coupled into a polarization maintaining single-
mode fiber (PM-Fiber, P1-488PM-FC-2, Thorlabs). After the fiber, the laser was sent through
a linear polarizer (LPVISE100-A, Thorlabs) and a lambda quarter waveplate (AQWP05M-600,
Thorlabs) to obtain circularly-polarized light. The laser was focused on the sample by an
immersion oil objective (UPlanSApo 100x, NA = 1.4, WD = 0.12 mm, Olympus). Scanning of
the sample in x and y direction was performed by a piezo stage (P-517.3CL, E-501.00, Physik
Instrumente GmbH & Co. KG). Fluorescence light was collected by the same objective and
separated from the excitation light by a dichroic mirror (DS, zt532/640rpc, Chroma). The
transmitted light was focused onto a 50 pm pinhole (Linos) to filter out scattered laser light.
Green and red fluorescence signals were split into two pathways by a dichroic mirror. Each
signal was filtered (RazorEdge 647, Semrock Inc. for the red channel; BrightLine HC 582/75,
Semrock Inc. for the green channel) and focused by a lens onto the active area of an APD
(Avalanche Photo Diode, SPCM, AQR 14, Perkin Elmer). A TSCPC system (Hydra Harp 400,
PicoQuant) was used for time-correlated single-photon counting. Data Processing was

performed by a custom-written LabVIEW software (National Instruments).
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6. Wide-Field Setup

DNA-PAINT measurements were performed on a home-built wide-field microscope based on
an inverted Olympus IX71 microscope. As excitation source, a 644 nm diode laser (ibeam
smart, Toptica Photonics) was used that was spectrally cleaned-up by a filter (Brightline HC
650/13, Semrock). The laser was focused in the back-focal plane of the objective (UPLXAPO
100X, numerical aperture (NA) = 1.45, working distance (WD) = 0.13, Olympus). The light
was directed to the sample situated on top of a nosepiece stage (IX2-NPS, Olympus). The
nosepiece stage together with an actively stabilized optical table (TS-300, JRS Scientific
Instruments) stabilized the sample for the measurements. Emission light was collected by the
same objective as for excitation and directed through a dichroic beamsplitter (Dual Line zt532/
640 rpc, AHF Analysentechnik) to separate from excitation light. The emission light was
filtered (ET 700/75, Chroma) before it was focused onto an EMCCD camera (iXon X3, DU-

897, Andor). For data acquisition, the open source imagelJ software Micro-Manager was used.*

7. Reference and Incubation Studies

Reference measurements of the DNA origami structures without any attached NP were carried
out to study whether high salt concentrations of magnesium (Figure S2a) or calcium (Figure
S3b) influenced the fluorescence lifetime of the fluorescent dye. The fluorescence lifetime
distributions measured for the different reference assemblies all showed the same distributions

and therefore no influence of the high salt concentration on the dye alone was seen.

a reference with MgClz b reference with CaCl: C incubation with higher salt concentration

12 mM MgCl 1000 mM MgClz 8 mM CaClz 1000 mM CaClz 1000 mM MgClz 1500 mM MgClz

PR o 1 o 1

c c c

= =] =

3 8 8

E E E

Q o <]

= 0 [ 0 c 0
0 2 4 60 2 4 6 0 2 4 60 2 4 6 0o 2 4 60 2 4 6

fluorescence lifetime [ns] fluorescence lifetime [ns] fluorescence lifetime [ns]

Figure S2: Reference measurements of the fluorescence lifetime of ATTO 647N in DNA origami
structures without Au NP at low (12 mM/ 8 mM) and high salt (1000 mM) for MgCl, (a) and
CaCl, (b). Fluorescence lifetime histogram for DNA origami structures with an attached 10 nm

Au NP incubated at 1500 mM MgCl, (c).

To study whether salt concentrations higher than 1000 mM MgCl, had an influence on the

fluorescence lifetime distributions and hence the rolling-up of the DNA origami structures an
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experiment with a concentration of 1500 mM MgCl, was performed. Figure S2¢ shows no

impact of the higher salt concentration.

8. Calcium to Magnesium and vice versa Experiments

A memory effect in DNA was observed in a salt exchange experiment. We immobilized DNA
origami structures on a glass surface and attached a nanoparticle in a IXTAE buffer containing
12 mM MgCl,. After immobilization, we performed experiments in a IxTAE buffer containing
8 mM and 1000 mM CaCl, (Figure S3a i) and ii)). Contrary to our expectations the observed
fluorescence lifetime distributions were not reproducing the MgCl, experiments as only a minor
quenched population showed up (Figure S3a ii). To ensure the quality of our samples, we
changed the buffer to 1000 mM MgCl,, but a quenched fluorescence lifetime population was
not observed (Figure S3a iii)). Even washing with a buffer containing 2 M NaCl (Figure S3a
iv)) or overnight incubation in 1 M MgCl, (Figure S3a v)) could not show the expected

fluorescence lifetime quenching in the histograms.

The ion exchange measurement was also performed in the opposite direction to first prove that
the DNA origami structures were able to undergo the structural change observed in the
fluorescence lifetime quenching. The measurements with 12 mM and 1000 mM MgCl, (Figure
S3b i and ii)) reproduced well the effect shown in Figure 2 in the manuscript. After proving the
functionality of the DNA origami structures, a recovery of the flat state by a change to 8 mM
CaCl, was shown (Figure S3b ii1)). Now a titration experiment with CaCl, was performed to
reproduce the histograms obtained with MgCl,. Therefore, fluorescence intensity transients
were taken at 8 and 1000 mM CaCl, and converted into fluorescence lifetime transients summed
up in fluorescence lifetime histograms in Figure S3b iv) and v). This time a small fraction of
DNA origami structures was showing a rolling-up as indicated by the quenched fluorescence
lifetime population. Still, the fraction of rolled-up DNA origami structures was lower than in

the magnesium experiments.
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Figure S3: (a) Fluorescence lifetime distributions of ATTO 647N from scan images for i) 8 mM
CaCl, and ii) 1000 mM CaCls. After the calcium measurements the buffer was exchanged to
magnesium with different incubation methods: iii) washing 5 times with 1000 mM MgCl,, iv)
washing 3 times with 2 M NaCl then adding 1000 mM CaCl,, v) overnight incubation with
1000 mM CaCl,. (b) Fluorescence lifetime distributions from scan images for i) 8 mM MgCl,
and ii) 1000 mM MgCl,. The high magnesium concentration measurement was recovered with
8 mM CaCl, (iii). Afier switching between the rolled up and open state the sample was treated
with calcium ions for two measurements, distributions (iv) an (v) show the histograms from

fluorescence lifetime transient for 8 mM CaCl, and 1000 mM CaCl..

These measurements showed that it is crucial to decide which incubation step is done in which
buffer and in which order. We assume this effect to be related to ion species binding stably to
DNA inducing a kind of memory effect in the DNA. Once an ion is bound tightly, it influences
the binding of other ions in the vicinity and can hinder ions of different kind to interact with the

DNA the way they would do in the absence of the first bound ion.

Finally, we found that an attachment of the nanoparticle in 1xTAE with 750 mM NaCl and
afterwards several washing steps and overnight incubation in IXTAE with 8 mM CaCl, for the
calcium titration experiments helped to overcome this kinetic blocking of the conformational

changes upon ion exchange.
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9. Distance Calculation

We calculated the distances of the red fluorescent dye to the gold nanoparticle’s surface in the
flat and rolled-up state of the DNA origami structure. For all calculations we used the theorem
of Pythagoras. In a relaxed geometry (Figure S4a) the fluorophore was 33 nm away from the
NP which is out of the range for energy transfer between the fluorescent dye and the NP. As
the DNA origami structure rolls up the dye approached the NP and the fluorescence lifetime
gets quenched. We assumed two possible axes of rolling-up of the DNA origami structure. One
axis was parallel to the DNA origami helices (black dashed line in Figure S4a) and the other
possible axis was a diagonal axis (green dashed line in Figure S4a) on the DNA origami
rectangle. The distance between the ATTO 467N and the NP’s surface for parallel rolling-up
was calculated with a Dyp_ 4, of 12.2 nm. In a diagonal rolling-up geometry the edge with the
ATTO 647N bound is not directly approaching the opposing edge, but is shifted. This geometric
point we calculated to be 30% of the of the long axis. A diagonal rolling-up leads to a different
diameter of the formed DNA origami tube. Based on this assumption, a dye nanoparticle

distance of Dyp, 4. of 8.3 nm was calculated for the diagonal rolling-up.

a fatorigamistructure b long twist axis c diagonal twist axis
front view side view front view side view

A F A
Vi - 4

g " UNP, aye i ¥ NP, dye

= : H

3 dangaml dongamu

: v v
71 nm DNP‘ binding DNPJ binding

Figure S4.: Schematic of the DNA origami rectangle with dimensions of 71 x 85 nm (a). The two
lines are indicating possible directions of bending, which are along the DNA helices (black
dashed line) or diagonal (green dashed line). The yellow circle is presenting the gold
nanoparticle. (b) Sketches of the front and side view of the rolled-up DNA origami structure
along the parallel axis with a DNA tube diameter of d,yigami 0f 22.6 nm and a calculated distance
between the dye and nanoparticle Dyp 4. of 12.2 nm. (c) Sketches of the front and side view of
the rolling-up of the DNA origami structure along the diagonal axis with d,gani 24.3 nm and
Dyp, aye 0f 8.3 nm. In both geometries the diameter of the nanoparticle dyp is 10 nm and the

nanoparticle binding distance between particle and DNA origami structure Dyp pindine 1S 4 nm.
P g P & , g

If the measured data is compared to earlier work’, the fluorescence lifetime at a distance of
8.3 nm is quenched by 62%. For ATTO 647N this quenching would result in a fluorescence

lifetime of 1.5 ns. This value is close to the measured fluorescence lifetime of 1.3 ns. The

9
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quenching in rolling-up along the parallel axis of the DNA origami structure in turn would only

lead to a quenching of 39% and thus a fluorescence lifetime of 2.9 ns would be expected.

10
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10. Dynamics of a Holliday Junction

To study the influence of different salt concentrations on dynamic structures and on 3D DNA
origami structures a Holliday Junction on the surface (HJ,,y) and in a force clamp® DNA
origamis structure (HJgc) was analyzed. In recent years, Holliday junctions have become a
reference to study DNA dynamics by single-molecule FRET and its sensitivity to environmental
conditions.”® The Holliday Junction contains four different oligonucleotides and fluctuates
between two stacked conformations. Two out of four oligonucleotides were labeled with dyes
(Cy3/Cy5) which can non-radiatively transfer energy via FRET from the donor (Cy3) to the
acceptor dye (Cy5). Switching between the two conformations was visualized by FRET
changes between a high-FRET (h. FRET) and a low-FRET state (I. FRET; Figure S5a). It is
generally known that the kinetics of switching is strongly slowed down with increasing
concentration of bivalent ions.” We immobilized HJs via neutrAvidin-biotin interactions on
BSA-biotin coated coverslips (Figure S54a). Representative FRET transients are shown in
Figure S5b for low (12.5 mM, rose) and high (1000 mM, red) magnesium concentration and

directly revealed the reduced rate of the transitions.

Next, we incorporated the HJ into a DNA origami force clamp®!? in which two arms of the HJ
were connected to a rigid DNA origami frame (Figure S5c¢). Depending on the length of the
connecting single-stranded DNA regions, an entropic force is exerted on the HJ yielding a
preference for one conformational state (here the high-FRET state) over the other. The applied
approximately 4 pN yielded an increased fraction of the high-FRET state directly visible in the

representative transients of Figure S5d both at low and high Mg?* concentration.

For statistical analysis, we histogrammed all the dwell times measured and calculated the

equilibrium constant K (Figure S5¢) which is given by:

Lh. FRET, HJ, c(MgCLy)

Ky, cmger,) = (1
2 b rRET, HJ, c(Mgely)

K illustrates that the higher salt concentration shifted the equilibrium to the low-FRET state
which was observed for the Hl,,y and HIpc samples. Interestingly, K changed by a factor R of
roughly 1.5 for both samples with R calculated as

Ky, 125 mm mgcr

R = 2
HJ, c(MgCly) Ky re,1mmgc2 @

(see Figure S5g).

11
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The fact that the kinetics and equilibrium constant changed similarly for the pure HJ and the HJ

in the DNA origami force clamp indicated that no significant change in the structure of the force

clamp itself occurred which would have an influence on the applied force. Overall, this

experiment indicated that Mg®" concentration did not substantially alter the structure and

properties of a functional, rigid 3D DNA origami structure and showed that such devices might

be functional over a broad range of ion concentration.
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Figure S5: lllustration of the HJ only (HJ,.,) and HJ in the DNA origami force clamp (HJpc)
for observation of the salt influence. HJ only moving between the high- and low-FRET state (a)
and in the FC (c). Exemplary transients of (a) are shown in (b) and of (c) in (d) with the salt
concentrations of 12.5 mM and 1 M MgCl,. (e) shows the dwell time t for every species obtained
[from a correlation analysis. The equilibrium constant between high- and low-FRET state shows
a shift in the presence of higher salt concentration. By calculating the ratio R between 12.5 mM
and 1 M MgCl; no significant difference is observed which is a clear indicator that high salt

concentration does not have an impact on a rigid 3D DNA origami structure and dynamics.

Holliday Junction Preparation: Sequences for the Holliday Junction are shown in 7Table S4.

Table S4: Sequences of the HJ,,.

Oligonucleotide Sequence (5°->3°)

r CCCACCGCTCGGCTCAACTGGG

X -TTTCCCAGTTGAGCGCTTGCTAGGG
b Cy5-CCCTAGCAAGCCGCTGCTACGG

h (v3-CCGTAGCAGCGCGAGCGGTGGG

For the folding of the HJ an oligonucleotide solution with the ratio of 1:2:2:4 (x:r:b:h) in IXTAE
with 50 mM NaCl is heated to 70 °C and slowly cooled down at a rate of 1 °C/min until room

temperature is reached.

DNA origami force clamp preparation: The preparation protocol and the sequences of the 4 pN

force clamp were described in ref.. To remove the excess of oligonucleotides gel
electrophoreses was used. Therefore, 50 mL of 1.5% agarose gel (Biozym LE Agarose) were
prepared in a 1XTAE buffer containing 12.5 mM MgCl, (Sigma Aldrich). The DNA origami
solution was diluted with 10x BlueJuice™ Gel loading buffer (Thermo Fischer Scientific) and
filled into the gel. The cooled gel ran for 2 h at 60 V, was cut with a scalpel and squeezed with
a glass coverslip. The concentration of the DNA origami structure was determined with a

Nanodrop 2000 spectralphotometer (Thermo Fischer Scientific).

Measurement procedure: For the measurements, a flow chamber was first incubated with BSA-

biotin (1 mg/mL, Sigma Aldrich) for 10 min. After three times washing with a IXTAE buffer
with 12.5 mM MgCl, (Sigma Aldrich) the sample was incubated with neutrAvidin (1 mg/mL,
Sigma Aldrich) for 10 min and washed again three times with IXTAE buffer containing

12.5 mM MgCl, (Sigma Aldrich). Finally, the diluted DNA sample with a concentration of

13
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25 pM was added. After adding the oxygen scavenging (I mg/mL glucose oxidase, 0.4% (v/v)
catalase (50 pg/mL), 30% glycerol, 12.5 mM KCl in 50 mM TRIS; Sigma Aldrich) and ROX
system with the respective MgCl, concentration (1x TAE, 2 mM trolox/troloxquinone, 1%
(w/v) D-(+)-glucose; Sigma Aldrich) the sealed sample was measured on a home-built confocal
microscope (fluorescence confocal microscope I1'").>3 For the measurements, a laser power
between 2 and 3 uW for the green and 1 uW for the red excitation source were used. For PIE'?
measurements the laser repetition rate was set to 80 MHz. The measured data was evaluated
with a home-written Labview software and the dwell times were extracted from the correlation

of the FRET channel (green excitation — red detection).

14
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11. DNA Origami ssDNA Dtrands

Table S5: Unmodified ssDNA strands.

Sequence (5°—3’)

Z
=
8
=
)
S

AAGGCCGCTGATACCGATAGTTGCGACGTTAG

TCGAATTCGGGAAACCTGTCGTGCAGCTGATT

GATGGTTTGAACGAGTAGTAAATTTACCATTA

CGAAAGACTTTGATAAGAGGTCATATTTCGCA

TTAACGTCTAACATAAAAACAGGTAACGGA

TCTAAAGTTTTGTCGTCTTTCCAGCCGACAA

AACAAGAGGGATAAAAATTTTTAGCATAAAGC

AGCCAGCAATTGAGGAAGGTTATCATCATTTT

(||| W | —

GATGGCTTATCAAAAAGATTAAGAGCGTCC

O

GCGGATAACCTATTATTCTGAAACAGACGATT

—
]

CTGAGCAAAAATTAATTACATTTTGGGTTA

[e—
—_

TGTAGAAATCAAGATTAGTTGCTCTTACCA

Pk
o

CAAATCAAGTTTTTTGGGGTCGAAACGTGGA

.
(8]

TAAGAGCAAATGTTTAGACTGGATAGGAAGCC

—
S

TCCACAGACAGCCCTCATAGTTAGCGTAACGA

[
i

ACCGATTGTCGGCATTTTCGGTCATAATCA

—
o))

TTTAGGACAAATGCTTTAAACAATCAGGTC

p—
~

AGTATAAAGTTCAGCTAATGCAGATGTCTTTC

p—
oo

ACATAACGGGAATCGTCATAAATAAAGCAAAG

—
O

CAGAAGATTAGATAATACATTTGTCGACAA

(\)
]

AAGTAAGCAGACACCACGGAATAATATTGACG

2
—

GAGAGATAGAGCGTCTTTCCAGAGGTTTTGAA

o]
(W]

GAATTTATTTAATGGTTTGAAATATTCTTACC

o]
(8]

ACAACATGCCAACGCTCAACAGTCTTCTGA

(W]
=

AATACTGCCCAAAAGGAATTACGTGGCTCA

[Re]
N

GAAACGATAGAAGGCTTATCCGGTCTCATCGAGAACAAGC

(]
)

GCCGTCAAAAAACAGAGGTGAGGCCTATTAGT

(3]
-

ACCTTTTTATTTTAGTTAATTTCATAGGGCTT

b9
2]

TCAATATCGAACCTCAAATATCAATTCCGAAA

o}
O

GTGATAAAAAGACGCTGAGAAGAGATAACCTT

(V%]
(=]

TTTTCACTCAAAGGGCGAAAAACCATCACC

(8]
—

GAAATAAAAATCCTTTGCCCGAAAGATTAGA

(F8]
(§]

GAGGGTAGGATTCAAAAGGGTGAGACATCCAA

)
(S}

GCCCGTATCCGGAATAGGTGTATCAGCCCAAT

W
=

CAACTGTTGCGCCATTCGCCATTCAAACATCA

(%]
wn

TTAACACCAGCACTAACAACTAATCGTTATTA

98]
(o))

GTATAGCAAACAGTTAATGCCCAATCCTCA

(%]
~J

AATACGTTTGAAAGAGGACAGACTGACCTT

(OS]
oo

TTGACAGGCCACCACCAGAGCCGCGATTTGTA

9%}
O

AATAGTAAACACTATCATAACCCTCATTGTGA

.
o

-
(6]
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Sequence (5°—3’)

Number

GAAATTATTGCCTTTAGCGTCAGACCGGAACC

41

CTTTTACAAAATCGTCGCTATTAGCGATAG

42

GCTTTCCGATTACGCCAGCTGGCGGCTGTTTC

43

AACAGTTTTGTACCAAAAACATTTTATTTC

44

AAGGAAACATAAAGGTGGCAACATTATCACCG

45

AAGCCTGGTACGAGCCGGAAGCATAGATGATG

46

ACCCTTCTGACCTGAAAGCGTAAGACGCTGAG

47

ACAACTTTCAACAGTTTCAGCGGATGTATCGG

48

CCAGGGTTGCCAGTTTGAGGGGACCCGTGGGA

49

ATCGCAAGTATGTAAATGCTGATGATAGGAAC

50

CATCAAGTAAAACGAACTAACGAGTTGAGA

51

TAAAAGGGACATTCTGGCCAACAAAGCATC

52

AGAGAGAAAAAAATGAAAATAGCAAGCAAACT

53

AGCAAGCGTAGGGTTGAGTGTTGTAGGGAGCC

54

GACCTGCTCTTTGACCCCCAGCGAGGGAGTTA

55

TACGTTAAAGTAATCTTGACAAGAACCGAACT

56

CCCGATTTAGAGCTTGACGGGGAAAAAGAATA

57

TAAATCAAAATAATTCGCGTCTCGGAAACC

58

ATCCCCCTATACCACATTCAACTAGAAAAATC

59

TAAAACGAGGTCAATCATAAGGGAACCGGATA

60

AGGCTCCAGAGGCTTTGAGGACACGGGTAA

61

TCACCAGTACAAACTACAACGCCTAGTACCAG

62

GCGAAAAATCCCTTATAAATCAAGCCGGCG

63

TTTACCCCAACATGTTTTAAATTTCCATAT

64

ATACATACCGAGGAAACGCAATAAGAAGCGCATTAGACGG

65

GATGTGCTTCAGGAAGATCGCACAATGTGA

66

CAGCGAAACTTGCTTTCGAGGTGTTGCTAA

67

GCCTCCCTCAGAATGGAAAGCGCAGTAACAGT

68

TTCATTACGTCAGGACGTTGGGAAATGCAGAT

69

CATGTAATAGAATATAAAGTACCAAGCCGT

70

TTGCTCCTTTCAAATATCGCGTTTGAGGGGGT

71

AAATTAAGTTGACCATTAGATACTTTTGCG

72

GCACAGACAATATTTTTGAATGGGGTCAGTA

73

CATTTGAAGGCGAATTATTCATTTTTGTTTGG

74

CCACCCTCATTTTCAGGGATAGCAACCGTACT

75

CTTTAATGCGCGAACTGATAGCCCCACCAG

76

ATTATCATTCAATATAATCCTGACAATTAC

77

GCGAGTAAAAATATTTAAATTGTTACAAAG

78

CTGTGTGATTGCGTTGCGCTCACTAGAGTTGC

79

TTAGGATTGGCTGAGACTCCTCAATAACCGAT

80

TCTTCGCTGCACCGCTTCTGGTGCGGCCTTCC

81

ATTATACTAAGAAACCACCAGAAGTCAACAGT

82

ATTTACCGGGAACCAGAGCCACCACTGTAGCGC

83

TGACAACTCGCTGAGGCTTGCATTATACCA

84
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Sequence (5°—3’)

Number

CAGCAAAAGGAAACGTCACCAATGAGCCGC

85

GACCAACTAATGCCACTACGAAGGGGGTAGCA

86

GCCCTTCAGAGTCCACTATTAAAGGGTGCCGT

87

GGCCTTGAAGAGCCACCACCCTCAGAAACCAT

88

GTACCGCAATTCTAAGAACGCGAGTATTATTT

89

CTTAGATTTAAGGCGTTAAATAAAGCCTGT

90

TCAAATATAACCTCCGGCTTAGGTAACAATTT

91

GTCGACTTCGGCCAACGCGCGGGGTTTTTC

92

GCCAGTTAGAGGGTAATTGAGCGCTTTAAGAA

93

GTTTATCAATATGCGTTATACAAACCGACCGT

94

TTATTACGAAGAACTGGCATGATTGCGAGAGG

95

TGAAAGGAGCAAATGAAAAATCTAGAGATAGA

96

TGTAGCCATTAAAATTCGCATTAAATGCCGGA

97

CGCGCAGATTACCTTTTTTAATGGGAGAGACT

98

AAAGGCCGGAGACAGCTAGCTGATAAATTAATTTTTGT

99

AGGAACCCATGTACCGTAACACTTGATATAA

100

GTTTTCAAGGGAGGGAAGGTAAAGTTTATTT

101

AAAGTCACAAAATAAACAGCCAGCGTTTTA

102

AGACGACAAAGAAGTTTTGCCATAATTCGAGCTTCAA

103

AACACCAAATTTCAACTTTAATCGTTTACC

104

TTAAAGCCAGAGCCGCCACCCTCGACAGAA

105

GCCCGAGAGTCCACGCTGGTTTGCAGCTAACT

106

AACGTGGCGAGAAAGGAAGGGAAACCAGTAA

107

GCAATTCACATATTCCTGATTATCAAAGTGTA

108

TTAATGAACTAGAGGATCCCCGGGGGGTAACG

109

ATCCCAATGAGAATTAACTGAACAGTTACCAG

110

AACGCAAAATCGATGAACGGTACCGGTTGA

111

GCTATCAGAAATGCAATGCCTGAATTAGCA

112

CCAATAGCTCATCGTAGGAATCATGGCATCAA

113

ACCTTGCTTGGTCAGTTGGCAAAGAGCGGA

114

GTTTTAACTTAGTACCGCCACCCAGAGCCA

115

GCCTTAAACCAATCAATAATCGGCACGCGCCT

116

TGCATCTTTCCCAGTCACGACGGCCTGCAG

117

TATTAAGAAGCGGGGTTTTGCTCGTAGCAT

118

ACGCTAACACCCACAAGAATTGAAAATAGC

119

GCGAACCTCCAAGAACGGGTATGACAATAA

120

AAATCACCTTCCAGTAAGCGTCAGTAATAA

121

TTTTATTTAAGCAAATCAGATATTTTTTGT

122

AATGGTCAACAGGCAAGGCAAAGAGTAATGTG

123

AGAAAGGAACAACTAAAGGAATTCAAAAAAA

124

TATAAGCCAACCCGTCGGATTCTGACGACAG

125

GCCATCAAGCTCATTTTTTAACCACAAATCCA

126

CAGGAGGTGGGGTCAGTGCCTTGAGTCTCTGA

127

ACACTCATCCATGTTACTTAGCCGAAAGCTGC

128

17
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Sequence (5°—3’)

Number

CTCGTATTAGAAATTGCGTAGATACAGTAC

129

TAAATCATATAACCTGTTTAGCTAACCTTTAA

130

TAATCAGCGGATTGACCGTAATCGTAACCG

131

ACAAACGGAAAAGCCCCAAAAACACTGGAGCA

132

TCGGCAAATCCTGTTTGATGGTGGACCCTCAA

133

CTTTTGCAGATAAAAACCAAAATAAAGACTCC

134

TCATTCAGATGCGATTTTAAGAACAGGCATAG

135

GTAATAAGTTAGGCAGAGGCATTTATGATATT

136

CATAAATCTTTGAATACCAAGTGTTAGAAC

137

TCATCGCCAACAAAGTACAACGGACGCCAGCA

138

ATATTTTGGCTTTCATCAACATTATCCAGCCA

139

CCTAAATCAAAATCATAGGTCTAAACAGTA

140

TCACCGACGCACCGTAATCAGTAGCAGAACCG

141

CGATAGCATTGAGCCATTTGGGAACGTAGAAA

142

ATTTTAAAATCAAAATTATTTGCACGGATTCG

143

TATATTTTGTCATTGCCTGAGAGTGGAAGATTG

144

TCAAGTTTCATTAAAGGTGAATATAAAAGA

145

CTGTAGCTTGACTATTATAGTCAGTTCATTGA

146

CAACCGTTTCAAATCACCATCAATTCGAGCCA

147

TTAGTATCACAATAGATAAGTCCACGAGCA

148

CTACCATAGTTTGAGTAACATTTAAAATAT

149

CTCCAACGCAGTGAGACGGGCAACCAGCTGCA

150

CTTATCATTCCCGACTTGCGGGAGCCTAATTT

151

GCTTCTGTTCGGGAGAAACAATAACGTAAAACA

152

GCAAGGCCTCACCAGTAGCACCATGGGCTTGA

153

CGGATTGCAGAGCTTAATTGCTGAAACGAGTA

154

CACATTAAAATTGTTATCCGCTCATGCGGGCC

155

ATTACCTTTGAATAAGGCTTGCCCAAATCCGC

156

GCGGAACATCTGAATAATGGAAGGTACAAAAT

157

TAAATGAATTTTCTGTATGGGATTAATTTCTT

158

CACAACAGGTGCCTAATGAGTGCCCAGCAG

159

AAACAGCTTTTTGCGGGATCGTCAACACTAAA

160

GACAAAAGGTAAAGTAATCGCCATATTTAACAAAACTTTT

161

TAGGTAAACTATTTTTGAGAGATCAAACGTTA

162

GCGCAGACAAGAGGCAAAAGAATCCCTCAG

163

TTCCAGTCGTAATCATGGTCATAAAAGGGG

164

TAAATCGGGATTCCCAATTCTGCGATATAATG

165

CACCAGAAAGGTTGAGGCAGGTCATGAAAG

166

AAAGCACTAAATCGGAACCCTAATCCAGTT

167

AATTGAGAATTCTGTCCAGACGACTAAACCAA

168

ACGGCTACAAAAGGAGCCTTTAATGTGAGAAT

169

CTTTAGGGCCTGCAACAGTGCCAATACGTG

170

TAGAGAGTTATTTTCATTTGGGGATAGTAGTAGCATTA

171

TGTCACAATCTTACCGAAGCCCTTTAATATCA

172

18
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Sequence (5°—3)

Number

CCAACAGGAGCGAACCAGACCGGAGCCTTTAC

173

AATAGCTATCAATAGAAAATTCAACATTCA

174

TGGAACAACCGCCTGGCCCTGAGGCCCGCT

175

TTATACCACCAAATCAACGTAACGAACGAG

176

ATATTCGGAACCATCGCCCACGCAGAGAAGGA

177

TTTCGGAAGTGCCGTCGAGAGGGTGAGTTTCG

178

TATAACTAACAAAGAACGCGAGAACGCCAA

179

ATACCCAACAGTATGTTAGCAAATTAGAGC

180

TATCGGCCGCAAGGCGATTAAGTTTACCGAGC

181

GATTTAGTCAATAAAGCCTCAGAGAACCCTCA

182

TTTATCAGGACAGCATCGGAACGACACCAACC

183

CCACCCTCTATTCACAAACAAATACCTGCCTA

184

AACGCAAAGATAGCCGAACAAACCCTGAAC

185

AGCGCGATGATAAATTGTGTCGTGACGAGA

186

CCTGATTGCAATATATGTGAGTGATCAATAGT

187

TTCTACTACGCGAGCTGAAAAGGTTACCGCGC

188

AGGCAAAGGGAAGGGCGATCGGCAATTCCA

189

AGAAAACAAAGAAGATGATGAAACAGGCTGCG

190

Table S6.: Modified ssDNA strands.

Sequence (5°—3’)

Number

biotin - GAAACGATAGAAGGCTTATCCGGTCTCATCGAGAACAAGC

26

biotin - TAGAGAGTTATTTTCATTTGGGGATAGTAGTAGCATTA

171

11.1 Energy Transfer Assembly

Table S7: Replaced ssDNA strands for confocal measurements.

Sequence (5°—37)

Number

ACGGCTACAAAAGGAGCCTTTAATGTGAGAAT - ATTO 647N

169

GATGGCTTATCAAAAA - ATTO 532 - GATTAAGAGCGTCC

9

AAATTAAGTTGACCATTAGATACTTTTGCGAAAAAAAAAAAAAAA
AAAAA

72

GCTATCAGAAATGCAATGCCTGAATTAGCAAAAAAAAAAAAAAAA
AAAAA

112

AATGGTCAACAGGCAAGGCAAAGAGTAATGTGAAAAAAAAAAAAA
AAAAAAA

123

ATACATACCGAGGAAACGCAATAAGAAGCGCATTAGACGGCCAAATAA

65

AGACGACAAAGAAGTTTTGCCATAATTCGAGCTTCAATCAGGAT

103

Oligonucleotide sequence on nanoparticles (5°—3"):

[TTTTTTTTTTTTTTTTTTTTTTTT-Thiol

19
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11.2 One Color DNA-PAINT Sample

Table S8: Replaced ssDNA strands for one color DNA-PAINT measurements.

Sequence (5°—3’)

Number

AAGGCCGCTGATACCGATAGTTGCGACGTTAGTTAAATGCCCG

1

TCTAAAGTTTTGTCGTCTTTCCAGCCGACAATTAAATGCCCG

6

AGCCAGCAATTGAGGAAGGTTATCATCATTTTTTAAATGCCCG

8

GCGGATAACCTATTATTCTGAAACAGACGATTTTAAATGCCCG

10

CAAATCAAGTTTTTTGGGGTCGAAACGTGGATTAAATGCCCG

13

TCCACAGACAGCCCTCATAGTTAGCGTAACGATTAAATGCCCG

15

CAGAAGATTAGATAATACATTTGTCGACAATTAAATGCCCG

20

GCCGTCAAAAAACAGAGGTGAGGCCTATTAGTTTAAATGCCCG

27

TCAATATCGAACCTCAAATATCAATTCCGAAATTAAATGCCCG

29

TTTTCACTCAAAGGGCGAAAAACCATCACCTTAAATGCCCG

31

GCCCGTATCCGGAATAGGTGTATCAGCCCAATTTAAATGCCCG

34

TTAACACCAGCACTAACAACTAATCGTTATTATTAAATGCCCG

36

GTATAGCAAACAGTTAATGCCCAATCCTCATTAAATGCCCG

37

ACCCTTCTGACCTGAAAGCGTAAGACGCTGAGTTAAATGCCCG

47

ACAACTTTCAACAGTTTCAGCGGATGTATCGGTTAAATGCCCG

48

TAAAAGGGACATTCTGGCCAACAAAGCATCTTAAATGCCCG

52

AGCAAGCGTAGGGTTGAGTGTTGTAGGGAGCCTTAAATGCCCG

54

GACCTGCTCTTTGACCCCCAGCGAGGGAGTTATTAAATGCCCG

55

CCCGATTTAGAGCTTGACGGGGAAAAAGAATATTAAATGCCCG

57

AGGCTCCAGAGGCTTTGAGGACACGGGTAATTAAATGCCCG

61

TCACCAGTACAAACTACAACGCCTAGTACCAGTTAAATGCCCG

62

GCGAAAAATCCCTTATAAATCAAGCCGGCGTTAAATGCCCG

63

CAGCGAAACTTGCTTTCGAGGTGTTGCTAATTAAATGCCCG

67

GCCTCCCTCAGAATGGAAAGCGCAGTAACAGTTTAAATGCCCG

68

GCACAGACAATATTTTTGAATGGGGTCAGTATTAAATGCCCG

73

CCACCCTCATTTTCAGGGATAGCAACCGTACTTTAAATGCCCG

75

CTTTAATGCGCGAACTGATAGCCCCACCAGTTAAATGCCCG

76

TTAGGATTGGCTGAGACTCCTCAATAACCGATTTAAATGCCCG

80

TGACAACTCGCTGAGGCTTGCATTATACCATTAAATGCCCG

84

GACCAACTAATGCCACTACGAAGGGGGTAGCATTAAATGCCCG

86

GCCCTTCAGAGTCCACTATTAAAGGGTGCCGTTTAAATGCCCG

87

TGAAAGGAGCAAATGAAAAATCTAGAGATAGATTAAATGCCCG

96

AGGAACCCATGTACCGTAACACTTGATATAATTAAATGCCCG

100

GCCCGAGAGTCCACGCTGGTTTGCAGCTAACTTTAAATGCCCG

106

AACGTGGCGAGAAAGGAAGGGAAACCAGTAATTAAATGCCCG

107

ACCTTGCTTGGTCAGTTGGCAAAGAGCGGATTAAATGCCCG

114

GTTTTAACTTAGTACCGCCACCCAGAGCCATTAAATGCCCG

115

TATTAAGAAGCGGGGTTTTGCTCGTAGCATTTAAATGCCCG

118

AAATCACCTTCCAGTAAGCGTCAGTAATAATTAAATGCCCG

121

AGAAAGGAACAACTAAAGGAATTCAAAAAAATTAAATGCCCG

124

20
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Sequence (5°—3’)

Number

CAGGAGGTGGGGTCAGTGCCTTGAGTCTCTGAATTTACCGTTAAATG
CCCG

127

TCGGCAAATCCTGTTTGATGGTGGACCCTCAATTAAATGCCCG

133

TCATCGCCAACAAAGTACAACGGACGCCAGCATTAAATGCCCG

138

CTCCAACGCAGTGAGACGGGCAACCAGCTGCATTAAATGCCCG

150

TAAATGAATTTTCTGTATGGGATTAATTTCTTTTAAATGCCCG

158

AAACAGCTTTTTGCGGGATCGTCAACACTAAATTAAATGCCCG

160

GCGCAGACAAGAGGCAAAAGAATCCCTCAGTTAAATGCCCG

163

CACCAGAAAGGTTGAGGCAGGTCATGAAAGTTAAATGCCCG

166

AAAGCACTAAATCGGAACCCTAATCCAGTTTTAAATGCCCG

167

ACGGCTACAAAAGGAGCCTTTAATGTGAGAATTTAAATGCCCG

169

CTTTAGGGCCTGCAACAGTGCCAATACGTGTTAAATGCCCG

170

TGGAACAACCGCCTGGCCCTGAGGCCCGCTTTAAATGCCCG

175

ATATTCGGAACCATCGCCCACGCAGAGAAGGATTAAATGCCCG

177

TTTCGGAAGTGCCGTCGAGAGGGTGAGTTTCGTTAAATGCCCG

178

TTTATCAGGACAGCATCGGAACGACACCAACCTAAAACGATTAAATG
CCCG

183

CCACCCTCTATTCACAAACAAATACCTGCCTATTAAATGCCCG

184

Imager strand (5°—3"): CGGGCA-ATTO 655

11.3 Two Color DNA-PAINT Sample

Table S9: Replaced ssDNA strands for two color DNA-PAINT measurements.

Sequence (5°—3’)

AAGGCCGCTGATACCGATAGTTGCGACGTTAGTTAAATGCCCG

TCTAAAGTTTTGTCGTCTTTCCAGCCGACAATTAAATGCCCG

TCCACAGACAGCCCTCATAGTTAGCGTAACGATTAAATGCCCG

GCCCGTATCCGGAATAGGTGTATCAGCCCAATTTAAATGCCCG

ACAACTTTCAACAGTTTCAGCGGATGTATCGGTTAAATGCCCG

GACCTGCTCTTTGACCCCCAGCGAGGGAGTTATTAAATGCCCG

TCACCAGTACAAACTACAACGCCTAGTACCAGTTAAATGCCCG

CAGCGAAACTTGCTTTCGAGGTGTTGCTAATTAAATGCCCG

GCCTCCCTCAGAATGGAAAGCGCAGTAACAGTTTAAATGCCCG

CCACCCTCATTTTCAGGGATAGCAACCGTACTTTAAATGCCCG

TTAGGATTGGCTGAGACTCCTCAATAACCGATTTAAATGCCCG

GACCAACTAATGCCACTACGAAGGGGGTAGCATTAAATGCCCG

AGGAACCCATGTACCGTAACACTTGATATAATTAAATGCCCG

100

GTTTTAACTTAGTACCGCCACCCAGAGCCATTAAATGCCCG

115

TATTAAGAAGCGGGGTTTTGCTCGTAGCATTTAAATGCCCG

118

AAATCACCTTCCAGTAAGCGTCAGTAATAATTAAATGCCCG

121

AGAAAGGAACAACTAAAGGAATTCAAAAAAATTAAATGCCCG

124

21
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Sequence (5°—3’) Number
TAAATGAATTTTCTGTATGGGATTAATTTCTTTTAAATGCCCG 158
GCGCAGACAAGAGGCAAAAGAATCCCTCAGTTAAATGCCCG 163
CACCAGAAAGGTTGAGGCAGGTCATGAAAGTTAAATGCCCG 166
ACGGCTACAAAAGGAGCCTTTAATGTGAGAATTTAAATGCCCG 169
ATATTCGGAACCATCGCCCACGCAGAGAAGGATTAAATGCCCG 177
TTTCGGAAGTGCCGTCGAGAGGGTGAGTTTCGTTAAATGCCCG 178
CCACCCTCTATTCACAAACAAATACCTGCCTATTAAATGCCCG 184
TCGAATTCGGGAAACCTGTCGTGCAGCTGATTTTTCCTCCTCCT 2
CAAATCAAGTTTTTTGGGGTCGAAACGTGGATTTCCTCCTCCT 13
GCCGTCAAAAAACAGAGGTGAGGCCTATTAGTTTTCCTCCTCCT 27
TCAATATCGAACCTCAAATATCAATTCCGAAATTTCCTCCTCCT 29
TTTTCACTCAAAGGGCGAAAAACCATCACCTTTCCTCCTCCT 31
GAAATAAAAATCCTTTGCCCGAAAGATTAGATTTCCTCCTCCT 32
ACCCTTCTGACCTGAAAGCGTAAGACGCTGAGTTTCCTCCTCCT 47
TAAAAGGGACATTCTGGCCAACAAAGCATCTTTCCTCCTCCT 52
AGCAAGCGTAGGGTTGAGTGTTGTAGGGAGCCTTTCCTCCTCCT 54
CCCGATTTAGAGCTTGACGGGGAAAAAGAATATTTCCTCCTCCT 57
GCGAAAAATCCCTTATAAATCAAGCCGGCGTTTCCTCCTCCT 63
GCACAGACAATATTTTTGAATGGGGTCAGTATTTCCTCCTCCT 73
CTTTAATGCGCGAACTGATAGCCCCACCAGTTTCCTCCTCCT 76
CTGTGTGATTGCGTTGCGCTCACTAGAGTTGCTTTCCTCCTCCT 79
ATTATACTAAGAAACCACCAGAAGTCAACAGTTTTCCTCCTCCT 82
GCCCTTCAGAGTCCACTATTAAAGGGTGCCGTTTTCCTCCTCCT 87
GTCGACTTCGGCCAACGCGCGGGGTTTTTCTTTCCTCCTCCT 92
TGAAAGGAGCAAATGAAAAATCTAGAGATAGATTTCCTCCTCCT 96
AACGTGGCGAGAAAGGAAGGGAAACCAGTAATTTCCTCCTCCT 107
TCGGCAAATCCTGTTTGATGGTGGACCCTCAATTTCCTCCTCCT 133
CTACCATAGTTTGAGTAACATTTAAAATATTTTCCTCCTCCT 149
CACAACAGGTGCCTAATGAGTGCCCAGCAGTTTCCTCCTCCT 159
AAAGCACTAAATCGGAACCCTAATCCAGTTTTTCCTCCTCCT 167
CTTTAGGGCCTGCAACAGTGCCAATACGTGTTTCCTCCTCCT 170

Imager Strands (5°—3"):
CGGGCA-ATTO 655

AGGAGGA-Cy3B

11.4 NRO 6 nm Grid Sample
All strands (except 26 and 171) are extended with the aptamer sequence (TTAAATGCCCQG).

Imager Strand (5°—3"): CGGGCA-ATTO 655
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